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THE EFFECT OF CERTAIN ANDROGENIC STEROIDS ON THE 
UPTAKE OF RADIOSULPHUR IN A HEALING 
FRACTURED BONE IN THE RAT! 


K. KOWALEWSKI AND R. T. MORRISON 


Abstract 


The uptake of radiosulphur in the fractured and intact humerus of male rats 
was determined in normal and in castrated animals and the ratio F/I of radio- 
activity of fractured (F) to intact (I) bone was calculated. Castration resulted 
in a significant decrease of F/I ratio, as compared with normal control rats. 

The effect of testosterone propionate and 17-ethyl-19 nortestosterone (Nilevar) 
on the S* uptake in bones was studied. Testosterone administration resulted 
in a slight increase of the F/I in castrated rats, but had no effect on this ratio 
in intact animals. Both castrated and intact rats treated with Nilevar exhibited 
a significant rise of S** uptake in fractured bones and, consequently, high F/I 
ratios. It is suggested that Nilevar has a marked effect on the synthesis of 
chondroitin sulphate in the collagen tissues of healing fractures, as measured by 
the described S* uptake technique. 


Introduction 


It seems to be generally recognized that any severe trauma, spontaneous or 
surgical, is accompanied by some degree of tissue destruction exceeding tissue 
replacement. This negative protein balance due to an injury is further 
aggravated by a general increase in catabolism associated with the process of 
repair. Adequate intake of calories and proteins may in part alleviate the 
catabolic response to injury. Frequently, however, an ancillary treatment 
with drugs promoting anabolism is desirable. 

Among the substances possessing some regulatory effect on protein 
anabolism, the best known are various androgenic hormones. The masculiniz- 
ing properties of those hormones diminish, however, the clinical value of their 
anabolic effect. 

Recently, certain analogues of androgenic steroids with low masculinizing 
effect have been synthesized. Definite anabolic action of one of these 
substances, 17-ethyl-19-nortestosterone (Nilevar) has been demonstrated 
experimerttally and clinically (2,9, 10). Ina previous report we have shown 
that Nilevar promotes the formation of collagen tissue in fractured bones of 
rats. For this study the uptake of radiosulphur by bones was used as the 

'1Manuscript received May 3, 1957. 


Contribution from the McEachern Cancer Research Laboratory and Department of 
Surgery, University of Alberta, Edmonton, Alberta. 
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method of evaluating the process of repair (8). It is known that radiosulphur 
shows a particular predilection for cartilage when injected into animals (3, 4). 
This isotope is selectively incorporated into sulphuric mucopolysaccharides of 
collagen in organic form as chondroitin sulphuric acid. Radiosulphur may be 
utilized for the study of various stages of formation of collagen tissue during 
the process of repair (13) and particularly for the evaluation of metabolism in 
cartilage and bone. It is also apparent that the mucopolysaccharides of 
collagen tissue are combined with proteins, and that protein breakdown is 
associated with decreased synthesis of these polyestersulphates (1). It seems 
evident that radiosulphur is particularly useful for studying these processes 
of repair that are disturbed by catabolic states. “ 

In a previous report we described a method for the study of the uptake of 
radiosulphur in the bones of rats. We were able to demonstrate that the 
fractured humerus showed an increased uptake of S** as compared with the 
uptake in the intact symmetric bone of the same animal (8). 

The purpose of our present experiment was to compare the effects of two 
androgenic substances, Nilevar and testosterone propionate, on the S** uptake 
by fractured humeri in rats. It is believed that this method of study allows 
an evaluation of the anabolic effect of those hormones on the formation of 
connective tissue during the process of repair. 


Experimental 


Preparation of Animals 

Male rats of the Wistar strain having a weight range of 210 to 315 g. and 
fed with commercial Miracle dog food were used for this study. Half of the 
animals were castrated under ether anesthesia from 6 to 8 weeks preceding the 
fracture of the bones. The other half of the rats had no operation before the 
fracture. 

Under ether anesthesia a closed complete fracture of the right humerus was 
produced in every rat by grasping the foreleg between the fingers and the 
thumb of each hand and breaking the bone at its mid point. The animals were 
kept in separate cages, and all made a satisfactory recovery from anesthesia. 
The fractures were left to heal unsupported. Three weeks following the 
fracture the rats were sacrificed. 

Radiosulphur (S** Atomic Energy Canada) was given in doses of 200 
microcuries by intraperitoneal injection 24 hours prior to sacrifice of the 
animals. The dose was dissolved in 2 ml. of distilled water together with 
8 mg. of sodium sulphate (8). 


Treatment 

Both castrated and intact rats were divided into three groups. The animals 
of the first group had no treatment and served as controls. Each rat of the 
second group received 10 intramuscular injections of 5 mg. of Nilevar dissolved 
in 0.4 ml. of sesame oil. The last group of animals was treated with testo- 
sterone propionate in doses of 5 mg. daily per rat, prepared and administered 
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exactly in the same way as Nilevar. The injections were given during the 
three week period of healing of the fracture, four injections the first week and 
three injections weekly for the next two weeks. 


Measurement of the Radiosulphur 

After sacrifice of the rats the fractured and normal humeri were removed, 
cleaned, and dried at room temperature for 24 hours, following which their 
weights were recorded. The bones were then dissolved by the nitric 
perchloric acid wet-digestion procedure described in detail in our previous 
report (8). The final precipitate of the radioactive barium sulphate was 
transferred to planchettes and the counting carried out using a thin mica 
window Tracerlab G-M tube. <A Tracerlab superscaler S.C. 18A was used 
for recording. 

The results were expressed in counts per minute (c.p.m.) per 100 mg. of 
tissue, and the F/I ratio was calculated. This is the ratio of the uptake 
(c.p.m./100 mg. of bone) of S*® by fractured humerus (F) to the uptake of S*® 
by the corresponding intact bone (1). 


Results 


The results are summarized in two tables and a figure. Table I illustrates 
the difference in weight (W) between fractured (F) and intact (1) bones of 
the rats. It may be noticed that neither castration alone nor treatment 


with hormones affect the W.F./W.I. ratio. This observation excludes the 


TABLE I 


WEIGHT OF INTACT (W.I.) AND FRACTURED (W.F.) HUMERI OF NORMAL AND CASTRATED RATS 
AND W.F./W.I. RATIO 3 WEEKS AFTER FRACTURE 











Intact Fractured 
Condition No. rats Values bone, mg. bone, mg. W.F./W.I. 
Normal rats 
No treatment 30 Mean 278 342 1.23 
SD. +31 +32 +0.10 
Range 209-335 272-402 1.11-1.39 
Given 50 mg. of Nilevar 20 Mean 225 286 1.30 
S.D. +31 +33 +0.19 
Range 176-294 236-361 1.03-1.89 
Given 50 mg. of testos- 20 Mean 289 374 1.30 
terone propionate S.D. +46 +51 +0.18 
Range 232-400 297-481 0.93-1.62 
Castrated rats 
No treatment 25 Mean 318 369 1.15 
S$... +28 +47 +0.15 
. Range 280-395 290-463 0.96-1.30 
Given 50 mg. of Nilevar 25 Mean 334 444 1.34 
S.D. +29 +46 +0.17 
Range 294-400 390-610 1.05-1.92 
Given 50 mg. of testos- 20 Mean 378 498 1.32 
terone propionate S.D. +35 +47 +0.14 
Range 322-451 404-557 1.13-1.66 
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possibility that an alteration in proportion of weight between fractured and 


intact humeri might modify the values of ratios F/I of radioactivity. 


It 


may be noted that the weights of bones in the rats given Nilevar are generally 


TABLE 


II 


RADIOSULPHUR IN INTACT (I) AND FRACTURED (F) HUMERI OF NORMAL AND CASTRATED RATS 
AND F/I RATIO OF RADIOACTIVITY 3 WEEKS AFTER FRACTURE 








Intact bone, 


Fractured bone, 





Condition No. rats Values c.p.m./100 mg.  c.p.m./100 mg. F/I 
Normal rats - 
No treatment 30 Mean 351 770 2.13 
3.0. +110 +176 +0.30 
Range 238-640 537-1141 1.61-—2.80 
Given 50 mg. of Nilevar 20 Mean 278 1197 4.38 
$.D. +54 +279 +1.10 
Range 201-398 770-1868 3.05-7 .69 
Given 50 mg. of testos- 20 Mean 343 651 1.95 
terone propionate S.D. +65 +94 +0.43 
Range 250-500 509-860 1.10-2.52 
Castrated rats 
No treatment 25 Mean 349 343 0.99 
S.D. +57 +67 +0.15 
Range 262-485 240-511 0.79-1.42 
Given 50 mg. of Nilevar 25 Mean 264 1544 6.12 
S.D. +45 +320 +1.49 
Range 189-313 1080-2408 3.60-9. 58 
Given 50 mg. of testos- 20 Mean 285 458 1.70 
terone propionate S.D. +77 +94 +0.46 
Range 183-476 277-612 0.87-2.76 








NORMAL RATS 


CASTRATED RATS 





NO 


ca 


RATIO-FOF S® UPTAKE BY HUMERI 











NILEVAR TESTOSTERONE 


TREATMENT SOmgm./rat SO mgm. /rat 


+ 














NO 





[*] 


TREATMENT SOmgm./rat 


NILEVAR TESTOSTERONE 
50 mgm. /rat 








4 








No-OF RATS 30 


Fic. 1. 
expressed as F/I ratio. 


20 20 


Mean values and 


25 


25 20 


Effect of steroid therapy on S* uptake by fractured (F) and intact (1) humerus, 
.D. (vertical lines). 
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lower than those in the other groups. This is not due to a side effect of treat- 
ment but to the fact that the majority of Nilevar-treated rats happened to 
weigh less than the animals in the remaining groups. 

Table II gives the results of study of radiosulphur of bones in various 
experimental conditions. It may be noted from Table II that ratio F/I in 
normal control rats is higher than in castrated rats. 

Rats treated with Nilevar showed a significant rise of S** uptake in fractured 
bones and consequently high F/I ratios. This effect of Nilevar is comparable 
in both normal and castrated rats. The difference in S*®* uptake between 
fractured and intact bone is, however, more marked in castrated rats than in 
normal animals. 

Testosterone restores to a nearly normal value the ratio F/I in castrated 
rats but has no effect on radiosulphur uptake in fractured bones of normal 
rats. The results of treatment are presented graphically in Fig. 1. 


Comment 


It is known that the healing process requires the presence of ground 
substance. Mucopolysaccharides, important components of ground substance 
combined with proteins, play an essential role in collagen fibrillogenesis. It is 
apparent that poor healing in animals with negative protein balance is 
associated with decreased formation of collagen (12). The process of healing 
in fractures is directly related to the synthesis of chondroitin sulphate in the 
new-formed collagen, and this synthesis can best be followed with radiosulphur. 

It has been suggested that certain hormonal factors may influence the 
formation of cartilage by inhibition or stimulation of the synthesis of chon- 
droitin sulphate (5). The present experiment shows that castration has an 
inhibitory effect and that certain anabolic steroids may restore to normal the 
process of healing as measured by radiosulphur uptake. 

The uptake of radiosulphur in healing fractures is strongly stimulated by 
Nilevar in both normal and castrated rats. These results are in accord with 
our previous work (7) and also with the reports on the anabolic effect of 
Nilevar (2, 9, 10). 

Testosterone propionate acts as a weak stimulant in castrated rats, but has 
no effect on F/I ratio in normal rats. Testosterone propionate is generally 
considered to be a protein anabolic hormone (6) and is clinically used as a 
factor promoting bone growth (11). Under the experimental conditions 
described, testosterone propionate did not show a marked effect on the repair 
of fractured bones. 

Synthetic androgen, Nilevar, seems to be a much stronger stimulant of this 
repair afd apparently has a very marked effect on the synthesis of chondroitin 
sulphate in the new-formed collagen tissue, as measured by the reported 
method. 

The proposed procedure of study of S** uptake in healing fractures may be 
of some help in the evaluation of certain hormonal factors affecting the 
formation of callus. 
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AN EFFECT OF REDUCED BAROMETRIC PRESSURE ON 
THE PERIPHERAL CIRCULATION! 


F. GIRLING AND F. A. SUNAHARA 


Abstract 


Several groups of investigators have noted in the past that exposure to a 
reduced barometric pressure results in a decrease in peripheral blood flow. 

In the present study human subjects were exposed to a pressure of 225 mm. Hg 
with maintenace of arterial oxygen saturation, and forearm and hand blood 
flows were measured plethysmographically. Forearm blood flow was not 
affected by the exposure whereas hand blood flow was reduced in all subjec ts. 
Blood pressure and heart rate were also measured and showed no change during 
the experiment. 


Introduction 


There have been several observations which indicate that when a subject is 
exposed to an environmental pressure of about 225 mm. Hg (30,000 ft.), with 
maintenance of arterial oxygen saturation, there is a decrease in peripheral 
blood flow. Knisely (10) observed a constriction of the arterioles of the 
scleral conjunctiva in humans when the subjects were decompressed. Clarke 
et al. (5) noted reductions in the pulse volume of the finger in subjects 
decompressed to 155 mm. Hg (38,000 ft.), these reductions often being quite 
marked even in the absence of decompression sickness. Kaufman et al. (9) 
noted that the digital blood flow was reduced by decompression and 
that the greatest reduction occurred in subjects exercised at altitude without 
preliminary oxygenation. These investigators found a good correlation 
between the extent of the reduction of flow and the speed of onset of incapaci- 
tating decompression sickness. Tobias ef al. (12) observed that digital 
temperatures were reduced and nitrogen elimination was slowed in ‘‘bends’’ 
susceptible subjects at altitude. Lipin and Whitehorn (11) found no change 
in systolic or diastolic pressure, heart rate, or cardiac output, but did observe 
a significant reduction in skin temperature in subjects exposed to a barometric 
pressure of 179 mm. Hg (35,000 ft.); the minimum was reached about 30 
minutes after decompression. Girling and Maheux (6, 7) found a reduction 
in femoral artery blood flow, with no change in blood pressure, in rabbits 
decompressed to 225 mm. Hg (30,000 ft.). 

In view of the observations referred to above, it appeared worthwhile to 
reinvestigate, by means of venous-occlusion plethysmography, the effects of 
reduced barometric pressure on peripheral blood flow in human subjects. In 
the experiments reported below, separate measurements were made of forearm 
and hand blood flow; the pressure was reduced at a moderate rate while the 
arterial blood was kept fully oxygenated. 

1Manuscript received April 4, 1957. 


Contribution from Defence Research Medical Laboratories, Toronto, Canada. 
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Methods 


The subjects were healthy males between the ages of 20 and 40. During 
the experimental period the subject reclined in a semisupine position on a 
rubber mattress. A large decompression chamber was used to reduce the 
barometric pressure to 225 mm. Hg (30,000 ft.). About five minutes before 
ascent the subject was fitted with an oxygen mask (R.C.A.F. type A13A) 
connected to a demand regulator (R.C.A.F. type A14) and remained connected 
until ground level pressure had been restored. None of the subjects were 
preoxygenated. The ambient temperature, pulse rate, and arterial pressure 
(by auscultation) were recorded during all experiments at 10-minute intervals. 


- 


Forearm Blood Flow 


Forearm blood flow was measured plethysmographically by the method of 
Lewis and Grant as modified by Barcroft and Edholm (1, 2). Five subjects 
participated in a total of eight experiments at a barometric pressure of 225 mm. 
Hg (30,000 ft.). In five experiments the plethysmograph contained water at 
34.0° + 0.5°C. and was connected to the volume recorder by water-filled 
tubing; in the other three experiments the water bath was omitted and air 
transmission was used. Each experiment began with a 30-minute control 
period at ground level, followed by ascent to the simulated altitude of 30,000 ft. 
at the rate of 3000 feet per minute. The subject remained at altitude for 
1 hour. The pressure in the chamber was then returned to ground level at a 
rate of 2000-3000 ft. per minute, and the experiment was concluded with a 
further 30-minute control period at ground level. Blood flow readings were 
taken every 10 minutes throughout the experiment, four to six readings at 
30-second intervals being taken on each occasion. 


Five control experiments, each lasting 2 hours, were conducted at ground 
level on different subjects in order to detect any tendency for forearm blood 
flow to change with time. An arm bath was used in these experiments. 


Hand Blood Flow 

Hand blood flow was measured plethysmographically by the technique 
described by Barcroft and Edholm (3), in which both hand and forearm are 
immersed in a water bath. The temperature of the bath was between 31° 
and 32° C., as recommended by Barcroft and Swan (4). 


Seventeen experiments, using nine subjects, were conducted at a barometric 
pressure of 225 mm. Hg (30,000 ft.). In each experiment a 45-minute control 
period at ground level was followed by ascent to simulated altitude. The 
subject remained at this simulated altitude for a period of 45 minutes and was 
then returned to ground level for a further 45-minute period. The rate of 
ascent was limited to 2000 ft. per minute. Single readings were taken at 
2-minute intervals throughout the experiment. 

As a further control, in order to determine whether emotional factors such 
as apprehension were affecting blood flow, dummy runs were carried out in 
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which subjects, believing themselves to be at 30,000 feet, were in fact taken 
to only 3000 ft. Exactly the same procedure was followed in these runs as in 
the high altitude runs, hand blood flow being measured at 2-minute intervals. 


Results 


‘There was no significant change in ambient temperature, pulse rate, or 
blood pressure during any experiment. 


Forearm Blood Flow 

(a) Control experiments.—Table I gives the values obtained for mean 
forearm blood flow during the five control experiments at ground level, and 
shows that there was no significant change during the period of observation. 

(b) Experiments at simulated altitude —Table II gives the values obtained 
in the eight experiments in which subjects were exposed to a barometric 
pressure of 225 mm. Hg, and shows that in this group of subjects forearm blood 
flow was not significantly altered by decompression to that level. 


Hand Blood Flow 
(a) Control experiments.—The data from the seven experiments in which 
subjects were held at 680 mm. Hg (3000 ft.), believing themselves to be at 
TABLE I 


FOREARM BLOOD FLOW, Cc./100 cc./MIN. 








Mean + standard error; number of observations in parentheses 











Subject 1st half-hour 2nd half-hour 3rd half-hour 4th half-hour 

Dt. 5.0 + 0.1811) 4.7 + 0.29(8) 5.2 + 0.14(5) 5.4 + 0.1711) 

F.A.S. 2.9 + 0.12(22) 3.1 40.15 (9) 2.5 + 0.13(15) 2.6 + 0.10 (9) 

K.D. 1.4 + 0.06(18) 1.6 + 0.11(12) 1.3 + 0.10(10) 1.4 + 0.05(10) 

ya. 2.1 + 0.1816) 2.6 + 0.13115) 2.4 40.1011) 2.6 + 0.1015) 

R.G. 3.5 + 0.18113) 2.9 + 0.23 (6) 2.8 + 0.11413) 2.9 + 0.16(12) 
TABLE II 


FOREARM BLOOD FLOW AT A BAROMETRIC PRESSURE OF 225 mM. Hg, cc./100 cc./MIN. 








Mean + standard error; number of observations in parentheses 








Ground level prior Barometric pressure Ground level after 
Subject to decompression 225 mm. Hg decompression 
at. 2.3 + 0.11(17) 2.5 + 0.09(21) 2.8 + 0.10(22) 
1.7 + 0.0931) 1.8 + 0.08(36) 2.1 + 0.13(31) 
a 2.6 + 0.19(12) 1.9 + 0.09(26) 2.2 + 0.11(17) 
R.G. 1.9 + 0.07(10) 1.9 + 0.07(25) 1.9 + 0.04(29) 
1.6 + 0.05(23) 1.5 + 0.08(27) 1.5 + 0.04(23) 
K.D 1.9 + 0.07(17) 2.2 + 0.08(24) 2.0 + 0.07(18) 
G.C 3.0 + 0.16(22) 3.8 + 0.09(38) 2.6 + 0.11(24) 
GS. 2.4 + 0.07(23) 2.9 + 0.11(27) 2.2 + 0.08(12) 
Mean and S.E. 2.2 + 0.97 2.3 + 0.26 2.2 £6.15 
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30,000 ft., are shown in Table III. From these data the change in hand blood 
flow for each subject, on moving from ground level to 680 mm. Hg, was 
obtained by subtraction; and the mean of these differences and its standard 
error were calculated. Similar calculations were made for the change in 
hand blood flow on return from 680 mm. Hg to ground level, and for the 
change as between the initial and final measurements at ground level. Table V 
shows that the mean change was in no case significantly different from zero; 
in other words, no statistically significant change occurred in this group of 
subjects. In three of the subjects there was an increase, in one there was 
a decrease, and in three there was little change. 


TABLE III 4 


HAND BLOOD FLOW AT A BAROMETRIC PRESSURE OF 680 MM. Hg (3000 FT.), cc./100 cc./MIN. 








Mean + standard error; number of observations in parentheses 

















Ground level prior Ground level after 

Subject to decompression 680 mm. Hg decompression 
AS. 13.2 + 0.53(22) 10.7 + 0.76(21) 8.7 + 0.50(22) 
S.McL. 4.6 + 0.61(25) 4.7 + 0.53(20) 9.3 +: 0.5021) 
R.A.S. 4.6 + 0.25(23) 3.0 + 0.26(20) 2.8 + 0.20(22) 
oe. 5.8 + 0.52(22) 7.8 + 0.67(23) 5.5 + 0.37(24) 
DAG 3.9 + 0.79(22) 3.4 + 0.61(15) 4.6 + 0.69(19) 
R.M. 5.6 + 0.58(22) 5.5 + 0:47(2)) 5.3 + 0.8722) 
34. 9.0 + 0.83(27) 9.4 + 1.04(21) 4.8 + 0.57(21) 

TABLE IV 


HAND BLOOD FLOW AT A BAROMETRIC PRESSURE OF 225 mM. Hg, cc./100 cc./MIN. 








Mean + standard error; number of observations in parentheses 








Ground level prior Ground level after 
Subject to decompression 225 mm. Hg. decompression 
J.B. 10.8 + 0.63(20) 5.9 + 0.62(22) 9.0 + 0.54(21) 
3.2 t= 1.29023) 6.7 + 0.48(22) 5.1 + 0.36(21) 
13.4 + 0.53(22) 9.7 + 0.50(21) 7.6 + 0.60(18) 
R.A.S. 3.3 + 6.31(21) 2.0 + 0.21(21) 4.4 + 0.25(21) 
F.A.S. 4.0 + 0.38(23) 2.4 + @:32023) 5.3 + @:5H22) 
7.6 + 0.39(22) 2.0 + 0.22(14) 6.3 + 0.58(20) 
8.8 + 0.66(22) 4.0 + 0.46(19) 6.3 + 0.50(26) 
F.G. 4.6 + 0.75(23) 3.8 + 0.43(23) 8.5 + 0.722) 
S.McL. 8.8 + 0.69(20) 3.1 + 0.40(21) 5.8 + 0.36(22) 
DT. 3.6 + 0.34(21) 3.5 + 0.30(21) 4.1 + 0.39(19) 
7.9 £ 6.58(23) 3.1 + 0.30(22) 3.1 + 0.32(22) 
J.G. 7.6 + 0.74(17) 4.9 + 0.59(23) 5.8 + 0.77(21) 
R.M. o.2 + 0.7222) 3.7 + 0.5X21) 3.0 + 0.48(22) 
A.S. 8.5 + 0.46(35) 8.3 + 0.52(22) 5.7 + 0.60(21) 
11.5 + 0.52(20) 6.7 + 0.71(18) 8.6 + 0.52(20) 
21.6 + 1.48(23) 13.5 + 0.70(25) 18.6 + 0.80(21) 
16.1 + 0.73(24) 11.6 + 0.66(26) 10.9 + 0.63(23) 
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TABLE V 


MEAN DIFFERENCES IN HAND BLOOD FLOW 











Mean + S.E. P 

Dummy runs: 

Ground level to 680 mm. Hg and return (7 experiments), 

cc. /100 cc. /min. 

Between ground level and altitude (ascent) —0.31 + 0.55 e 

Between altitude and ground level (descent) —0.50 + 1.08 >0.5 

Between ground level (initial) and ground level (final) —0.81 + 1.20 5 
Experimental runs: 

Ground level to 225 mm. Hg and return (17 experiments) 

Between ground level and altitude (ascent) —3.7 + 0.62 <0.001 

Between altitude and ground level (descent) 14+ 0.3 <0.01 

Between ground level (initial) and ground level (final) —2.4 + 0.76 <0.01 





(b) Experiments at simulated altitude ——The data from the 17 experiments 
on nine subjects are shown in Table [V. Mean values for the change in hand 
blood flow were calculated in the same way as for the dummy runs. These 
mean values with their standard errors are given in Table V._ It may be seen 
that there was a highly significant (P <0.001) reduction in hand blood flow 
in this group of subjects. Among the individual subjects, the reduction 
varied from 2% to 69%. In most of the subjects, hand blood flow returned 
toward or even beyond the initial level after recompression, but in a few cases 
there was a further decrease. For the group as a whole, the rise in hand blood 
flow on recompression was significant, and the final flow at ground level was 
significantly less than the initial flow at ground level. 


Discussion 


Under the conditions of our experiments, reducing the barometric pressure 
to 225 mm. Hg caused no significant change in forearm blood flow but did 
reduce hand blood flow. Since arterial pressure did not change, there must 
have been constriction of the hand vessels. The effect appeared to be 
immediate and to be independent of the time spent at altitude. It could 
not have been due to fluctuations in chamber temperature, since the slow rates 
of ascent and descent that were employed allowed this to be kept constant 
within + 1.0°C. Nor could it have been due to irregularities in chamber 
pressure since this was maintained within 1 mm. Hg by an automatic regulat- 
ing device, nor to any dryness of the oxygen inspired at altitude or resistance 
to gas flow through the mask, since such factors would have operated equally 
during the control experiments. Apprehension could not have been a factor 
since the dummy runs, in which vasoconstriction did not occur, were carried 
out in such a manner that the subjects were convinced that they were exposed 
to the same low pressure as in the experimental runs. 

In the experiments in which the subjects were exposed to a pressure of 225 
mm. Hg the post-exposure hand blood flows returned to pre-exposure levels 
in four of the tests. In 13 of the 17 the flow remained below pre-exposure 
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levels, although in eight of the 13 there was some increase on return to ground 
level pressure. In the remaining five there was a further fall in hand blood 
flow. The failure of the hand blood flow to return to pre-exposure levels in 
some subjects does not invalidate the results. Vasoconstriction induced in a 
variety of ways is apt to persist in human subjects after the constricting 
stimulus is withdrawn. For example, we have carried out a series of experi- 
ments not connected with this study, in which the subject’s forearm was 
immersed in a water bath at 15°C. This caused an intense vasoconstriction 
with a lowering of skin temperature. On removal of the forearm from the 
bath, there was an immediate rise in skin temperature to control levels in 
only 20 out of 50 experiments. In 15 of the 50 the rise was delayed, up to an 
hour being required for return to control levels, while in the remaining 15 the 
skin temperature showed no recovery 2 to 3 hours after removal of the arm 
from the bath. Some of these subjects also participated in the decompression 
tests: F.A.S. and F.G. showed rapid recovery, while D.T. and S.McL. had a 
long recovery time, under both sets of conditions. That is, it is possible for 
a hyperreactive individual to remain in a vasoconstricted state for some 
considerable time after removal of the stimulus. 

The mechanism of the local vasoconstriction produced by decompression is 
conjectural. This vasoconstriction is similar to the response to infusion of 
low concentrations of adrenaline, in that adrenaline constricts hand vessels 
(skin) but not forearm vessels (muscle). Kalser et al. (8) have shown that 
increased sympathetic tone of the vessels of an extremity is responsible for the 
diminished blood flow to the extremities during decompression. These 
investigators showed in experiments on dogs exposed to a pressure of 180 
mm. Hg (35,000 ft.) that unilateral sympathectomy prevented the reduction 
of skin temperature in the foreleg. From such observations it would appear 
that a reduction in barometric pressure must in some way stimulate 
sympathetic activity. 

It is unlikely that this cutaneous vasoconstriction is due to bubble formation, 
as has been suggested by earlier workers, since the altitude chosen for our 
experiments was below that at which bends symptoms are reported. The 
effect might be of reflex origin, the reflex being initiated by an increased 
insensible water loss. It is intended to investigate this possibility. 
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STUDIES ON THE SULPHUR METABOLISM OF TISSUES 
CULTIVATED IN VITRO 


Ill. INTERRELATIONSHIPS BETWEEN CYSTEINE, METHIONINE, 
CYSTEAMINE, AND CYSTAMINE! 


JosepH F. MORGAN AND HELEN J. MortTON 


Abstract 


Previous studies on the sulphur amino acid requirement of freshly-explanted 
chick embryonic heart tissues cultivated in vitro in completely synthetic media 
have been extended. ‘The essential requirement for L-cystine has been found to 
be replaceable by L- but not by D-cysteine. In the presence of L-cysteine, the 
supplementary methionine requirement was found to be satisfied equally by 
the L- or D-isomer. Of eight derivatives and metabolites of cysteine studied, 
only cysteamine showed any significant ability to replace cysteine or cystine. 
The activity of cysteamine was exhibited only in the presence of methionine. 
High levels of cysteamine were found to be strongly toxic and the toxicity could 
be reversed specifically by L-cysteine. Significantly less reversal of the 
cysteamine toxicity was effected by L-cystine, while other sulphydryl and 
disulphide compounds were ineffective. Cystamine was also found to be toxic 
to the tissue cultures and its toxicity could be reversed completely by L-cysteine 
and incompletely by L-cystine. 


Introduction 


Previous studies from this Laboratory (10, 11) have shown that chick 
embryonic heart fibroblasts cultivated in vitro in a completely synthetic 
medium (9, 13) have an essential requirement for L-cystine plus a supple- 
mentary requirement for L- or D-methionine. Of 25 sulphur-containing 
compounds tested (10), only L-cysteine showed major activity in replacing 
L-cystine. In view of the importance of the sulphur amino acids for main- 
taining cell survival, a detailed investigation of the activity of L-cysteine and 
its derivatives was undertaken. Preliminary experiments showed that, 
of eight derivatives and metabolites of cysteine tested, only cysteamine 
showed any significant ability to replace L-cysteine or L-cystine in tissue 
culture nutrition. Since cysteamine has recently assumed considerable 
importance as a protective agent against the lethal effects of X-irradiation 
(16), detailed studies on its biological activity, and that of the corresponding 
amine of cystine, cystamine, were undertaken. ‘The results of these experi- 
ments are reported in the present communication. 


Materials and Methods 


Tissue cultures were prepared from the heart muscle of 11-day-old chick 
embryos, by the method described previously (10, 11, 12). The tissues were 
cultivated in standard pyrex test tubes in completely synthetic media (9, 13) 
without the addition of plasma, serum, or other uncharacterized substances. 

1Manuscript received May 27, 1957. 


Contribution from the Biochemical Research Laboratories, Laboratory of Hygiene, 
Department of National Health and Welfare, Ottawa, Ontario. 
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Each culture contained approximately 1 mg. of tissue, wet weight, as deter- 
mined by total protein measurement (7). The basic synthetic medium used 
throughout these experiments was M 150 (9, 13), which supports the survival 
of freshly-explanted chick embryonic heart tissues for approximately 35 days. 
Media deficient in sulphur-containing amino acids were prepared by omitting 
from the formula L-cystine, DL-methionine, L-cysteine, and glutathione. 
Various proportions and combinations of the sulphur compounds under study 
were added to the deficient media over the concentration range previously 
established for sulphur metabolism studies in this system (10,11). All media 
were freshly prepared at frequent intervals and sterilized by passage through 
ultrafine fritted glass filters. 7 

The experimental design and the method of evaluating the cultures have 
been described in detail in previous publications (10, 11). The significance 
of differences in survival times was calculated by the alternate ¢ test. 
Throughout this publication, the term cysteamine has been employed for 
B-mercaptoethylamine, the amine obtained by decarboxylation of cysteine, 
as recommended by Bacq and co-workers (2). The term cystamine is applied 
to the corresponding amine of cystine (2,2’-dithiobisethylamine). 


Results 


Comparative Activity of L- and D-Cysteine 

Two cystine-deficient synthetic media were prepared, M 151 and M 153, 
as described in Table I. To these two basal media, graded levels of L- or 
D-cysteine were added and the response curves determined (Fig. 1). 

In the presence of methionine (Curve A), L-cysteine has caused a marked 
increase in culture survival, while in the absence of methionine (Curve B) 
only a moderate response is apparent. The curves shown by L-cysteine in 
the present experiments agree very closely with those recorded previously 
for L-cystine (10, 11). With D-cysteine, no effect whatever was observed 


TABLE I 


SULPHUR AMINO ACID CONTENT OF VARIOUS SYNTHETIC 
TISSUE CULTURE MEDIA EMPLOYED* 








Medium No. Sulphur amino acid content 





M 150 Complete basal medium. Contains 20.0 mg./l. L-cystine, 
30.0 mg./l. DL-methionine, 0.1 mg./l. L-cysteine, and 
0.05 mg./Il. glutathione 


M 151 Completely sulphur-deficient medium. Contains no cystine, 
methionine, cysteine, or glutathione 

M 153 Medium M 151 plus 30.0 mg./l. DL-methionine 

M 306 Medium M 153 plus 10.0 mg./l. cysteamine 

M 732 Medium M 153 plus 10.0 mg./l. cystamine 

M 882 Medium M 153 plus 10.0 mg./I. L-cysteine 





* All other ingredients of these media are identical with the formula of medium M 150 
(9, 13). 
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Fic. 1. Response of chick embryonic heart tissues cultivated in sulphur-deficient 
media to graded concentrations of L- and D- cysteine. Curve A, L-cysteine response 
in the presence of methionine; Curve B, L-cysteine response in the absence of methionine; 
Curve C, D-cysteine response in the presence of methionine; Curve D, D-cysteine 
response in the absence of methionine. 

Fic. 2. Response of tissues cultivated in sulphur-deficient media to graded concent- 
rations of L-cysteine in the presence of L- or D-methionine. Curve A, L-methionine 
present; Curve B, D-methionine present. 


either in the presence or absence of methionine (Curves C and D). From 
these results, it was concluded that cysteine could substitute completely 
for cystine in maintaining tissue culture survival and that it showed the same 
optical specificity observed previously with cystine (11). 


Relationship of Optical Configuration to Methionine Activity 

The marked effect of DL-methionine in supplementing the L-cysteine 
response made it of interest to investigate the activity of the individual 
enantiomorphs. Sulphur-deficient synthetic medium M 151 was prepared 
and divided into two portions. To one portion was added 10.0 mg. per liter 
of L-methienine and to the second portion the same concentration of D-meth- 
ionine; these levels had previously been found effective in experiments with 
L-cystine (11). Graded levels of L-cysteine were then added to these two 
media and the effect on culture survival determined (Fig. 2). 

In the presence of either L-methionine (Curve A) or D-methionine 
(Curve B), uniform and essentially equivalent responses to L-cysteine were 
obtained. Maximal survival was observed at 10.0 mg. per liter of L-cysteine 
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in both cases and survival was decreased at higher cysteine concentrations. 
It is apparent that the ability of methionine to supplement the L-cysteine 
requirement of the cultures is exerted equally well by the L- and D-isomers, 
as had been found previously with L-cystine (11). 


Ability of Cysteine Derivatives and Metabolites to Replace L-Cysteine 

Because L-cysteine exerted a marked effect on cell survival, especially in 
the presence of methionine, various derivatives and metabolites of this 
amino acid were tested in synthetic media which contained neither L-cystine 
nor L-cysteine, but did contain 30.0 mg. per liter of DL-methionine (M 153). 
The results of these experiments are summarized in Table II. Of the eight 
compounds tested, only cysteamine showed any significant replacement 
activity. The increase in tissue culture survival observed with this compound 
was approximately one-quarter that of the cysteine response but proved to be 
highly significant statistically. 


TABLE II 


ABILITY OF CYSTEINE AND CYSTEINE DERIVATIVES TO SUBSTITUTE 
FOR L-CYSTINE IN MAINTAINING TISSUE CULTURE SURVIVAL 











Increase in Optimal Level of 
Compound tested survival,* concn., significance, 

days mg. per I. t test 
L-Cystine (control) 24.0 10.0 0.001 
L-Cysteine aa.0 10.0 0.001 
D-Cysteine 0 
S-Ethyl-L-cysteine 0 
Cysteine sulphinic acid 0 
Taurine 0 
L-Cysteic acid 0 
Cysteamine 5.5 0.1 0.001 
Coenzyme A 0 





* In the sulphur-deficient medium used as a base, the cultures survived only 10 to 12 days. 


Effect of Cysteamine on Tissue Culture Survival 

Since cysteamine was the only compound found to show any ability to 
replace L-cysteine, it was decided to study its effects in further detail with 
the hope of elucidating the sulphur metabolism pathway in these cells. 
Accordingly, graded levels of cysteamine were incorporated in the complete 
basal medium, M 150, and in three other media which differed only in their 
sulphur amino acid content: M 151, M 153, and M 882. The composition of 
these media is detailed in Table I. The effect of these various media on 
tissue culture survival is presented in Fig. 3. 

The addition of increasing amounts of cysteamine to medium M 150 
(Curve A) results in a very sharp toxicity when the concentration exceeds 
1.0 mg. per liter. When the basal medium contains L-cysteine rather than 
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L-cystine (M 882, Curve B), increasing amounts of cysteamine again cause 
a sharp toxicity but a 10-fold increase in concentration (10.0 mg. per liter) 
is required. In the absence of sulphur-containing amino acids (M 151, 
Curve D), a gradual toxicity is apparent at cysteamine levels higher than 
1.0 mg. per liter. When the sulphur-deficient medium is supplemented 
with methionine (M 153, Curve C), an entirely different type of response is 
obtained. Low concentrations of cysteamine (0.01 and 0.1 mg. per liter) 
cause a small but statistically significant increase in culture survival. This 
increased survival is then followed by a toxicity at higher cysteamine levels. 
The observation that cysteamine can prolong culture survival only if meth- 
ionine is present in the medium is at variance with earlier experiments with 
L-cystine and L-cysteine, where a supplementary relationship exists. This 
suggests that different metabolic pathways may possibly be involved. 
Reversal of Cysteamine Toxicity 


The results presented in Fig. 3 showed that the toxicity of high levels of 
cysteamine varied considerably, depending on the nature of the other sulphur 
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Fic. 3. Effect on tissue culture survival of the addition of graded concentrations of 
cysteamine to different synthetic media. Curve A, medium M 150; Curve B, medium 
M 150, with L-cysteine substituted for L-cystine; Curve C, medium M 153, containing 
DL- methionine but no other sulphur amino acids; Curve D, medium M 151, containing 
no sulphur amino acids. 

Fic. 4. Reversal of cysteamine toxicity by graded levels of cysteine or cystine. 
Curve A, L-cysteine; Curve B, L-cystine; Curve C, D-cysteine; Curve D, D-cystine. 
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amino acids in the medium. This relationship was investigated by attempting 
to reverse the toxicity of cysteamine by the addition of graded levels of other 
sulphur-containing compounds. For these studies, M 306 (Table I) was 
prepared as a basal solution. This medium, containing 10.0 mg. per liter of 
cysteamine, caused death of the tissue cultures in approximately 5 days. 
To this toxic medium were added graded levels of various sulphur compounds 
and the effect on culture survival was determined. The results of these 
experiments are shown in Fig. 4. 

It is evident, Curve A, that the toxicity of cysteamine has been completely 
reversed by L-cysteine and that this reversal is effected by cysteine concent- 
rations equal to or greater than the cysteamine content of the medium. 
When L-cystine is incorporated in the toxic medium, Curve B, reversal of 
the inhibition is also observed and observed at approximately the same 
concentration as in the case of L-cysteine. It should be noted, however, 
that the reversal of inhibition is not as complete with L-cystine as with 
L-cysteine. 

Incorporation of D-cysteine (Curve C) or D-cystine (Curve D) proved 
completely ineffective in reversing the toxicity of cysteamine. Similar 
negative results were obtained with ergothioneine, reduced glutathione, 
oxidized glutathione, thioglycollate, coenzyme A, and 2,3-dimercaptopropanol. 
It is of interest that ergothioneine, oxidized glutathione, and 2,3-dimercapto- 
propanol, which showed a slight ability to replace L-cystine (10), were 
completely unable to reverse the toxicity of cysteamine. 


Effect of Cystamine on Tissue Culture Survival 

Since the two amino acids, L-cysteine and L-cystine, appear to be inter- 
changeable in the nutrition of chick embryo heart cultures, it seemed pertinent 
to compare the activity of their amines. Accordingly, a parallel study on 
cystamine, the amine of cystine, was undertaken. Graded levels of this 
compound were added to the complete medium M 150 and to two other media 
in which the sulphur amino acid content varied, M 153 and M 882 (Table I). 
The results of these experiments are presented in Fig. 5. 

The addition of graded levels of cystamine to the complete medium M 150 
has resulted in a progressive decrease in culture survival (Curve A). This 
decrease is gradual and fairly uniform up to a concentration of 10.0 mg. 
per liter of cystamine. At higher concentrations, a sharp toxicity is observed. 
When L-cysteine rather than L-cystine is present in the culture medium 
(M 882, Curve B), little, if any, decrease in culture survival is obtained until 
the cystamine concentration reaches 10.0 mg. per liter. At higher cystamine 
levels, a very sharp toxicity is observed. In medium M 153, containing 
methionine but no cysteine or cystine (Curve C), increasing levels of cystamine 
cause a gradual decrease in culture survival. Intermediate levels of this 
compound did not increase culture survival, as observed previously with 
cysteamine under similar conditions (Fig. 3, Curve C). In view of this 
finding, experiments with medium M 151 were omitted. 
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Fic. 5. Effect on tissue culture survival of the addition of graded concentrations of 
cystamine to different synthetic media. Curve A, medium M 150; Curve B, medium 
M 150, with L-cysteine substituted for L-cystine; Curve C, medium M 153, containing 
DL-methionine and no other sulphur amino acids. 

Fic. 6. Reversal of cystamine toxicity by graded levels of cysteine or cystine. 
A, L-cysteine; Curve B, L-cystine. 


Curve 
Reversal of Cystamine Toxicity 

A culture medium (M 732) was prepared which corresponded to that 
described previously for cysteamine (M 306), except that 10.0 mg. per liter 
of cystamine was substituted for cysteamine. To this toxic medium, which 
caused death of the cultures in approximately 5 days, graded levels of either 
L-cysteine or L-cystine were added and the effects on culture survival deter- 
mined. The results of these experiments are presented in Fig. 6. 


It is apparent, Curve A, that the toxicity of cystamine has been completely 
reversed by L-cysteine at concentrations equal to or greater than the cystamine 
content 6f the medium. When L-cystine is incorporated in the culture 
medium, Curve B, reversal of the cystamine toxicity is also obtained, but 
the reversal is much less complete than that obtained with L-cysteine. The 
activity of L-cysteine and L-cystine on the toxicity of cystamine is very 
similar to the activity of these compounds on the toxicity of cysteamine 
(Fig. 4). 
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Discussion 


The results of the present experiments, which are based on more than 
2500 individual tissue cultures, show that L-cysteine will completely replace 
the essential requirement for L-cystine. The response curves to these two 
sulphur amino acids appear to be identical and in both cases the supplementary 
methionine requirement can be satisfied equally by the L- or D-isomer. Thus, 
it would appear that L-cystine and L-cysteine are completely interchangeable 
in the nutrition of chick embryonic heart fibroblasts. 

The present experiments have not established the metabolic pathway 
by which cystine and cysteine are utilized by the cells. Cysteine sulphinic 
acid, taurine, and cysteic acid, which have been shown to possess biological 
activity in other systems (1, 3, 8), showed no ability to replace cysteine or 
cystine. Hence, it appears unlikely that these compounds are involved in 
the major pathway of sulphur utilization in chick embryonic heart cultures. 
The lack of activity of taurine under these conditions is of some interest since 
this compound has been identified (15) as one of the major components of the 
chick embryo extract frequently employed to stimulate proliferation in tissue 
cultures. 

Of the various derivatives and metabolites of cysteine studied, only 
cysteamine showed any significant ability to replace cysteine or cystine. 
It was observed that the replacement activity of cysteamine occurred only 
in the presence of methionine and could not be demonstrated if methionine 
was omitted from the medium. This effect is in sharp contrast to the activity 
of both L-cysteine and L-cystine. The activity of these compounds is maximal 
in the presence of methionine but still occurs to a significant degree in the 
absence of this amino acid. Extension of these studies to include cystamine 
showed that this compound was unable to replace cystine or cysteine even 
in the presence of methionine. From these results, it would appear unlikely 
that formation of the corresponding amine from cysteine or cystine represents 
a major step in sulphur utilization by these tissue cultures. 

During these studies it was observed that both cysteamine and cystamine 
were very toxic when present in the medium at high concentrations. The 
toxicity of these compounds could be reversed by excess L-cysteine or L-cystine, 
but the D-isomers were completely ineffective. Further investigations 
have shown that ergothioneine, oxidized glutathione, reduced glutathione, 
thioglycollate, 2,3-dimercaptopropanol, or coenzyme A are completely unable 
to reverse the toxicity of cysteamine. It thus appears that reversal by 
L-cysteine or L-cystine is a specific effect and cannot be attributed to a 
general activity of excess sulphydryl or disulphide groups in the medium. 
It was also observed consistently that L-cysteine was considerably more 
effective than L-cystine in reversing the toxicity of either cysteamine or 
cystamine and that L-cysteine was considerably more effective than L-cystine 
in preventing the toxic action of increasing concentrations of either cysteamine 
or cystamine. These results suggest that the inhibitory action of these two 
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compounds may be exerted through a common metabolic pathway or that 
the two compounds are in equilibrium under the present conditions. 

The biological activity of cysteamine and cystamine has not been reported 
previously in tissue cultures and assumes considerable importance in view 
of the ability of these compounds to protect mice against the lethal effects of 
X-irradiation (16). Studies on the metabolism of these two compounds in 
mice have shown that the same protective results can be obtained whether 
cysteamine or cystamine is administered (4, 5). On the basis of sulphur 
content, cystamine, the disulphide form, was found to be more protective 
than cysteamine and it has been assumed that cystamine functions as the 
immediate protective agent within the cell (5). This protective action has 
been postulated to occur through interaction between cysteamine—cystamine 
with cellular protein —SH groups and the formation of mixed disulphides 
(5, 6). The results of the present experiments are in accord with the inter- 
conversion of cysteamine and cystamine but suggest that the formation of 
disulphides is more specific than has been indicated previously. Since two 
consecutive steps appear to be involved (5), one of these may be the conversion 
of non-specific sulphur compounds to a specific substrate such as cystine. 
The fact that both oxidized and reduced glutathione, as well as thioglycollate, 
ergothioneine, 2,3-dimercaptopropanol, and coenzyme A, proved unable 
to reverse the toxicity of cysteamine for tissue cultures, makes it unlikely 
that they form complexes with cysteamine-cystamine under the present 
conditions. The observation that the toxicity of both cysteamine and 
cystamine is reversed more completely by cysteine than by cystine in tissue 
cultures is somewhat difficult to reconcile with present views on the protective 
action of these compounds. Since the present studies are based on an isolated 
tissue, surviving in completely synthetic media, many of the complex inter- 
conversions which occur in the whole animal have been eliminated. Such a 
simplified system would appear to be a useful tool in the study of the mechanism 
of action of these X-ray protective agents. 
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INHIBITION OF WALKER CARCINOMA 256 
BY 6-AMINONICOTINAMIDE! 


J. D. McCo.t, W. B. Rice, AnD V. W. ADAMKIEWICz? 


Abstract 


The nicotinamide antagonist, 6-aminonicotinamide, was administered for 
2 days prior to, and for 10 days following, the transplant of a rapidly growing 
Walker carcinoma 256. At a dose which did not produce pronounced loss of 
body weight (0.5 mg./kg.), a significant inhibition of the tumor was observed. 
The degree of inhibition was similar to that obtained with the purine antagonist, 
6-mercaptopurine, at a dose of 10 mg./kg. 

Splenomegalia was also significantly inhibited i in those instances where there 
was an inhibition of tumor dimensions. 


Introduction 


The inhibition of experimental animal tumors, by certain antimetabolites 
of nicotinamide, has been described (6, 7, 10). 

Previous reports from our laboratories have demonstrated that 6-aminoni- 
cotinamide is the most potent nicotinamide antagonist yet described that is 
active both in vitro and in vivo (4). It has been demonstrated that 6-aminoni- 
cotinamide forms an inactive diphosphopyridine nucleotide (DPN) analogue 
which has been obtained in good yield from the spleens and livers of mice 
and from the neoplastic tissue of Walker tumor-bearing rats (5). 

This paper deals with the effect of 6-aminonicotinamide on the growth 
of Walker tumor and on some tumor-host relationships. 


Materials and Methods 


Sprague-Dawley rats, weighing about 120 g., were used throughout the 
experiment. Tumor tissues were homogenized in saline in the proportion 
1:1 W/V and the transplant was made every 14 days by injecting 0.5 ml. 
of the homogenate into the thigh muscle of the recipient rat, using a large 
inoculum method (8), under sterile conditions. All transplants for any one 
experiment were made from one donor tumor. 

This technique produced rapidly growing tumors with a uniformly high 
proportion of “‘takes’’. The tumors were grown intramuscularly because, 
in this location, the outlines of the tumor could be fairly closely delineated, 
and measurements were reasonably accurate. 

Tumor dimensions were measured, in two directions at right angles to 
each other, using calipers. The readings were multiplied together to give 
a simple Mut reproducible function of the tumor size, which was expressed as 
sq. cm./100 g. body weight. 

1Manuscript received March 20, 1957. 

Contribution from the Research Laboratories, Frank W. Horner Limited, Montreal, Quebec. 
Presented in part at the 20th Meeting of the Canadian Physiological Society, October, 1956, 


Montreal, Quebec. 
2Present address Department of Physiology, University of Montreal, Montreal, Quebec. 


Can. J. Biochem. Physiol. 35 (1957) 
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Tumor dimensions and body weight were recorded periodically during the 
experiment. On the last day all animals were killed, and the organs, including 
the liver and spleen, were removed and weighed. 

The effects of the following treatments were compared: 

(a) 6-Aminonicotinamide at dose levels of 0.5 mg./kg./day and 0.75 
mg./kg./day administered subcutaneously. This compound was administered 
at the same time as the transplant in one experiment, and 2 days prior to the 
transplant in another and continued daily thereafter. 

(6) 6-Mercaptopurine (Purinethol—Burroughs-Wellcome) at a dose of 
10 mg./kg./day administered subcutaneously 2 days prior to the transplant 
and continued daily thereafter. . 

(c) Cortisone acetate (Cortone 





-Merck) at a dose of 15 mg./kg./day 
subcutaneously administered 2 days prior to transplant and continued 
daily thereafter. 

Normal non-tumor-bearing rats were similarly treated and served as 
controls. 


Each experiment was terminated 10 days after the transplant of the tumor 
cells. 


Results 


The results of these experiments are summarized in Table I, which includes 
tumor dimensions, body weight change, spleen and liver weights, and the 
observed mortality. 

The administration of 0.5 mg./kg. 6-aminonicotinamide 2 days prior to 
transplant inhibited the body growth of the animals. At the higher dose 
(0.75 mg.), there was a pronounced loss of body weight. 

6-Aminonicotinamide significantly inhibited the growth of these rapidly 
growing tumors as compared with that of the tumors in untreated animals. 
6-Mercaptopurine also inhibited the growth of tumors to essentially the 
same degree as did 6-aminonicotinamide under the conditions of this experi- 


ment. Cortisone did not significantly alter the growth of these tumors at 
the dose employed. 


TABLE I 


EFFECT OF AGENTS ON WALKER TUMOR-BEARING RATS 














Tumor, Spleen, Liver, Weight 
cm.?/100 g. g./100 g. g./100 g. change, 
Treatment + S.E.M. + S.E.M. + S.E.M. g. + S.E.M. Mortality 

Absolute control 0.3 + 0.05 4.9 + 0.2 + 38 + 2.0 0/10 
Walker tumor control 6.5 + 0.5 1.8 + 6.4 7.1 + 0.4 + 85 + 5.6 0/10 
+6 ANAO.5 mg./kg. Pe 4.1 + 0.7* 0.5 + 0.1% _—_— + 2+ 9.5 0/10 
+ 6 ANA 0.75 mg./kg. P 4.4 + 0.5* 0.5 + 0.1% 4.9 + 0.3* — 20 + 3.7 0/10 
+6 ANAO.5 mg./kg. S® 6.5 + 0.6 1.6 + 0.3 — + 36 + 8.7 0/10 
+ 6 ANA 0.75 mg./kg. S 4.3 + 0.7% 1.2 + 0.8 —_—_— — 7 + 9.6 0/10 
+ 6-Mercaptopurine 10 mg./kg. 4.8 + 0.4* 0.4 + 0.04* 6.7 + 0.3 + 31 + 6.7 0/10 
+ Cortisone 15 mg./kg. 5.2 + 0.6 2 & 8.5 6.5 + 0.2 + 19 + 3.0 1/10 





* Significant difference (P = < 0.05) from Walker tumor control. 
@ Pretreated two days prior to tumor transplant. 
> Treatment commenced same day as tumor transplant. 


Ga 
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It is of interest to note that 6-aminonicotinamide and 6-mercaptopurine 
altered the splenomegalia normally associated with the tumor growth. 
Compared with the untreated tumor-bearing animals, there was a significant 
inhibition of the splenomegalia in the animals treated with these compounds, 
although the latter group showed some splenic enlargement as compared 
with the absolute controls. 

The dose of 0.5 mg./kg. of 6-aminonicotinamide (Table I), administered 
at the same time as the transplant, failed to inhibit the tumor growth, but 
the higher dose of 0.75 mg./kg., administered at the same time as the 
transplant, inhibited the tumor growth but did not significantly alter the 
spleen weight. 
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Fic. 1. Weight change of normal rats treated with 6-aminonicotinamide, 6-mercapto- 
purine, and cortisone for 12 days. 
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With the high dose of 6-aminonicotinamide there was also an inhibition 
of the hepatomegalia usually observed with the tumor growth. This effect, 
however, was not observed with 6-mercaptopurine under the conditions of 
the experiment. 

At the 0.5 mg. dose of 6-aminonicotinamide the initial total body weight 
was essentially maintained. In those animals treated with 6-mercaptopurine 
and cortisone, total body weight was inhibited by approximately 50% in 
each instance. It should be noted that the ‘‘body weight’’ includes both 
the body and the tumor weight. 


Discussion 


4 
It is difficult to ascertain from these experiments whether the inhibition 
of tumor growth by 6-aminonicotinamide is specific, or the result of its general 
catabolic action on body growth. The action of relatively non-specific 
toxic effects on the Walker tumor has been described by Walpole (11). 


Cortisone was employed in this experiment in an attempt to assess the 
effect of a known catabolic agent on tumor growth. At the dose employed, 
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body growth was inhibited and there was no apparent effect on tumor growth, 
splenomegalia, and hepatomegalia. Similar results have been observed by 
Ingle et al. (3). 

At high doses of 6-aminonicotinamide it is questionable whether the 
inhibition observed is exclusively a specific effect. However, at lower doses 
a specific action seems more likely. This gains support for the recent 
observations of Halliday et al. (2), who have shown that the antimetabolite 
is active against 6C3HED lymphosarcoma and 755 and C3H mammary 
adenocarcinomas in the rat. Further, this tumor inhibitory action can be 
reversed by nicotinamide. 

The hepatomegalia and splenomegalia described by Yeakel (12) and by 
Stewart and Begg (9) were observed in the Walker tumor control animals. 
The splenomegalia was significantly inhibited in the animals pretreated 
with 6-aminonicotinamide and with 6-mercaptopurine. The inhibition of 
splenomegalia in these animals appeared to parallel the inhibition of the tumor 
growth. 

While the cause of splenomegalia is not clear (see Begg (1) for references) 
it has been suggested that this phenomenon is related to anemia and to extra- 
medullary hematopoiesis. Whatever the cause, it appears to be a potentially 
useful measure of tumor—host toxicity, as the administration of certain agents 
which inhibit the tumor growth also inhibits splenomegalia. 

Non-tumor-bearing animals treated with these compounds did not 
demonstrate any significant change in the weight of the spleen or the liver as 
compared with untreated control animals. Histological examination of 
the spleen demonstrated some degree of fibrosis in the 6-aminonicotinamide 
treated group. 
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AEROBIC AND ANAEROBIC P® LABELLING OF PHOSPHOLIPIDS 
AND ADENOSINE PHOSPHATES IN HYPOTONIC 
HOMOGENATES OF RAT BRAIN! 


J. F. Berry? AnD W. C. McMurray 


Abstract 


Under aerobic conditions, a suitably ‘reinforced’ homogenate of rat brain 
prepared in distilled water was capable of labelling lipid P, ATP, ADP, and 
AMP from inorganic P®. The labelling was ‘uncoupled’ by the addition of 
DNP. The DNP decreased the specific activity of each of the above compounds 
and decreased the steady-state concentrations of ATP, with an increase in the 
concentrations of inorganic P, ADP, and AMP. Fluoride increased the specific 
activity of the lipid P and the steady- state concentration of ATP. Cyanide 
decreased the specific activity of lipid P and both the specific activity and the 
steady-state concentration of ATP. 

Under anaerobic conditions, the labelling of the lipid P and the adenosine 
phosphates was as good as that observed in the presence of oxygen. The 
anaerobic labelling of both lipid P and the adenosine phosphates was less sensitive 
to DNP or cyanide and more sensitive to iodoacetate than the aerobic labelling. 


tbe contrast to the aerobic labelling, the anaerobic labelling was inhibited by 
uoride. 


In most instances, changes in the labelling of lipid P corresponded to those 
observed for the labelling of ATP. An exception was the labelling of lipid P 
that occurred under aerobic conditions in the presence of fluoride. Here the 
specific activity of the lipid P was related to the concentration rather than to 
the specific activity of ATP. 


Introduction 


In a previous paper (25) conditions were described for the labelling of 
phospholipid from inorganic P® in homogenates of rat brain prepared in 
distilled water. With this preparation, inorganic P® was incorporated into 
phospholipids as effectively under anaerobic as under aerobic conditions. 

The present state of knowledge suggests that, regardless of the individual 
steps involved in the incorporation of inorganic P® into phospholipids, most of 
the P® that ultimately labels the phospholipid is incorporated into adenosine 
triphosphate (ATP) at an early stage (15). Accordingly, the ATP, adenosine 
diphosphate (ADP), adenylic acid (AMP), and inorganic P of the trichloro- 
acetic-acid-soluble fraction of hypotonic homogenates of rat brain were 
separated by the paper chromatographic methods of Krebs and Hems (16). 
The P*® labelling and concentrations of these substances were studied under 
both anaerobic and aerobic conditions. The effects of the inhibitors, 
2,4-dinitrophenol (DNP), fluoride, cyanide, and iodoacetate, were investigated, 
and the results were considered in relation to the P® labelling of the 
phospholipids. 

A preliminary account of this work has appeared (1). 

1Manuscript received May 28, 1957. 
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Methods 


The preparation of the rat brain homogenates, the conditions of incubation 
and lipid extraction, the analytical procedures, and the source of special 
reagents used have been described (25). 


Paper Chromatographic Methods 

Before use, Whatman No. 4 filter paper was washed successively with 2 N 
acetic acid, 50% (v/v) aqueous ethanol, 95% (v/v) ethanol, 0.2% (w/v) 
aqueous ethylenediaminetetraacetate (EDTA), and distilled water. 

For chromatography, strips of washed paper 90-100 cm. in length and 18 
cm. wide were prepared. The paper was folded along a line 38 cm. from one 
end and spots were applied 35 cm. from the same end. For each spot, 100 wl. 
of the supernatant from the trichloroacetic acid precipitation was accurately 
delivered to the paper using an Agla micrometer syringe. Spots were dried 
by cold air blown from a hair dryer. Four 100 ul. spots were applied from each 
sample. A fifth spot contained 20 ug. each of authentic ATP, ADP, AMP, 
and inorganic P. The paper was folded and the two portions were fastened 
together with paper clips, in the manner suggested by Krebs and Hems (16). 
The papers were placed in a closed tank so that the fold was immersed in the 
isopropyl ether: formic acid (3:2, v/v) solvent of Eggleston and Hems (6). 
The solvent was allowed to ascend for 5 hours. The papers were dried in 
circulating air at room temperature and then scanned with an ultraviolet 
lamp and the absorbing areas marked. A pilot strip containing one of the 
spots was cut from the sheet and dipped in the perchloric acid — molybdate 
reagent of Hanes and Isherwood (12) and dried at 90°. The dried strip was 
then dipped in the stannous chloride reagent described by Ernster, Zetterstr6m, 
and Lindberg (10). All P-containing areas appeared as dark blue spots on a 
faint blue background. The isopropyl ether: formic acid solvent separates 
inorganic P from the remaining major components of the extract. 

The papers were then folded along a line midway between the origin and the 
spot corresponding to inorganic P and placed in a closed tank containing 
isobutyric acid: N ammonia: 0.1 M EDTA (5: 3: 0.8, v/v), as recommended 
by Krebs and Hems (16). The folded edge was immersed in solvent contained 
in a trough at the top of the tank. The solvent was permitted to descend 
for 5 hours, at which time the portion of paper containing inorganic P was 
removed. The remainder of the paper was removed after an additional 5 
hours. The papers were dried and the spots located by scanning with ultra- 
violet light, by monitoring the paper for radioactivity with an end-window 
counter, and by treating another guide strip and the strip containing authentic 
compounds with the molybdate spray of Hanes and Isherwood (12). 

The remaining two strips, containing duplicate spots corresponding to 
ATP, ADP, AMP, and inorganic P, were eluted with distilled water to a 
volume of 2-3 ml. The eluted samples were then ashed with 60% (w/v) 
perchloric acid and the resulting inorganic P determined by the method of 
Ernster et al. (10). Filter-paper blanks subjected to the same treatment did 
not contain more than 0.02 ug. P/cm.? 
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Samples were counted in an M-6 liquid counter (20th Century Electronics, 
London, S.E. 27). The counting rate was corrected for background and 
decay, and specific activities were calculated as counts/min./pug. P. 


Results 


The results of a typical experiment are shown in Table I. Both aerobically 
and anaerobically, steady-state conditions were found to approximate with 
respect to the concentrations of ATP, ADP, AMP, and inorganic P, but not 
with respect to their specific activities. In the presence of oxygen, ATP had 
a specific activity of about one-half of that of the inorganic P and contained 
about 10% of the radioactivity originally added. The specific activity of 
ADP was somewhat lower and that of AMP considerably lower. The specific 
activity of the lipid P was a little over 0.1% of that of the inorganic P. The 
AMP and lipid P contained, respectively, about 0.5% and 0.015% of the 
total radioactivity added. The latter figure is of the same order as that 
calculated from data of Dawson (5) and Streicher and Gerard (32) for 
respiring brain homogenates. No major differences were noted between the 
values obtained under aerobic or anaerobic conditions for either the steady- 
state concentrations or the specific activities of the phosphorus compounds 
studied. 

The finding that the specific activities of the adenosine phosphates were in 
the order ATP > ADP > AMP is of interest in relation to the reports for 
many different tissue preparations that the specific activities of the three P 
atoms of ATP are in the order Py > PB > Pa (8, 9, 17, 19, 34). 


TABLE I 


CONCENTRATIONS AND SPECIFIC ACTIVITIES OF PHOSPHORUS COMPOUNDS* 











Inorganic P ATP ADP AMP Lipid P 
Aerobic 
pg. P/vessel 776 215 103 105 94.8 
Specific activity 28 ,600 10,500 5,400 920 35.0 
(counts/min./pug.P) 
Counts /min. /vessel 22.2 * 10° 2.25 K 10* 0.56 X 10* 0.96 X 10° 3.32 X 10° 
Anaerobic 
pg. P/vessel 854 191 87 101 95.8 
Specific aetivity 29 ,600 9,800 6,200 960 39.8 
(counts/min./ug.P) 
Counts/min. /vessel 25.3 K 10° 1.87 K 10° 0.54 x 10 0.96 X 105 3.82 X 108 





*Water homogenates (60 mg./vessel) incubated for 70 min. at 37.5°C. Each vessel con- 
tained glucose, 0.028 M; ATP, 0.0007 M; DPN, 0.001 M; nicotinamide, 0.04 M; MgCl, 
0.008 M; cytochrome c, 0.00006 M; fumarate, 0.0016 M; tris(hydroxymethyl)aminomethane 
buffer, pH 7.4, 0.05 M; inorganic P®, 0.01 M. In anaerobic experiments cytochrome ¢ and 
fumarate were omitted. 
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2,4-Dinitrophenol 


At a concentration of 7.5 X 10-' M, DNP increased the oxygen consump- 
tion of the hypotonic homogenate of brain by about one-third (Table II). 
The aerobic glycolysis was also consistently increased, but to a more variable 
extent, while the aerobic incorporation of inorganic P® into the phospholipids 
was decreased by about 30%. The aerobic incorporation of P® into the 
adenine nucleotides was also decreased by the addition of DNP (Table III). 
The results for AMP and ADP were quite variable, but the specific activity 
of the ATP was decreased by about the same percentage as the specific 
activity of the lipid P. Table IV shows that under aerobic conditions there 
was a marked reduction in the steady-state concentration of ATP in the 
presence of DNP and that this reduction was accompanied by substantial 
increases in the concentrations of ADP, AMP, and inorganic P. 


Under anaerobic conditions, the same concentration of DNP (7.5 & 10-5 M) 
brought about no great increase in glycolysis (Table II). Although some 
decrease in the anaerobic incorporation of P® into lipid P was obtained with 
DNP, the decrease was less than that observed under aerobic conditions. 
The anaerobic incorporation of P® into the ATP, ADP, and AMP in the 
presence of DNP was not significantly different from that in control samples 
(Table III). In addition, under anaerobic conditions the addition of DNP 
caused no significant decrease in the steady-state concentration of ATP 
(Table IV). The concentration of ADP was slightly elevated, but no 
consistent increases in the concentrations of AMP or inorganic P were 
observed. 


Thus while some slight effects were noted for DNP under anaerobic 
conditions, glycolysis was not increased to the same extent as in the aerobic 
experiments. Moreover, aerobic phosphorylations, as manifest in the 
labelling of lipid P and adenine nucleotides, as well as in the maintenance of 
the concentration of ATP, were much more sensitive to DNP than the 
corresponding anaerobic phosphorylations. 


Fluoride 


In aerobic experiments 10~? M fluoride either decreased or had no effect on 
the respiration of the brain homogenates (Table II). The aerobic glycolysis 
was greatly decreased by the addition of fluoride, while the aerobic incorpora- 
tion of P® into lipid P was increased 35-50%. Dawson (5) also observed 
increased P® labelling of the phospholipids of respiring brain homogenates 
when fluoride was added. Table III shows that in the same aerobic experi- 
ments, thé addition of fluoride produced no significant increases in the specific 
activities of ATP and ADP. However, significant changes in the steady-state 
concentrations of the acid-soluble P compounds were observed (Table IV). 
The concentration of ATP was increased in the presence of fluoride to about 
the same extent (30-40%) as the specific activity of the lipid P. The con- 
centration of AMP was increased, while the concentrations of ADP and 
inorganic P were decreased. Despite these changes in the steady-state 
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TABLE VI 


SPECIFIC ACTIVITIES OF ADENOSINE PHOSPHATES* 














Aerobic Anaerobic 
Iodoacetate 
concentration ATP ADP AMP ATP ADP AMP 
None 25.1 16.3 2.94 29.1 17.4 2.80 
10-° M 17.8 6.62 0.73 10.4 6.56 0.85 
10-* M 10.5 3.36 0.22 7.45 3.60 0.33 
10-3? M 3.25 2.79 0.18 3.45 2.67 0.18 





*Conditions of incubation as in Table I. Specific activities expressed as counts per min. 
per ug. P X 107%. 


concentrations of the acid-soluble P compounds, calculation showed that, 
even in the presence of fluoride, there was little net esterification of inorganic P 
during the 70-minute incubation period. The P/O (atom/atom) ratio was 
less than unity. This is less than one-half of that found for isolated mito- 
chondria (2, 24). 

Under anaerobic conditions the glycolysis of the homogenates was decreased 
by the addition of fluoride, as was reported for the aerobic glycolysis (Table 
Il). However, in other respects, the effects of fluoride were quite different 
when oxygen was excluded. Table II shows that the anaerobic incorporation 
of inorganic P® into lipid P was decreased 40-50% by the same concentration 
of fluoride that brought about an increase in the incorporation under aerobic 
conditions. The decreased anaerobic labelling of phospholipid in the presence 
of fluoride was accompanied by similar decreases in the incorporation of 
inorganic P® into ATP, ADP, and AMP (Table III). Moreover, the effects 
of fluoride on the steady-state concentrations of ATP and ADP under 
anaerobic conditions were in the opposite direction to those observed in the 
presence of oxygen. The concentration of ATP was greatly decreased (about 
50%), and the concentration of ADP was increased. Changes in the con- 
centrations of AMP and inorganic P produced by the addition of fluoride 
were not very great (Table IV). 


Iodoacetate 


The results of aerobic experiments reported in Table V show that the 
oxygen consumption, glycolysis, and P*® labelling of the phospholipids were 
greatly decreased by the addition of 10-* M or 10-* M iodoacetate. In the 
anaerobic experiments, the glycolysis and labelling of lipid P were similarly 
inhibited by the same concentrations of iodoacetate. 

Of some interest was the finding that when the concentration of iodoacetate 
was reduced to 10-* M, glycolysis and the incorporation of P® into the 
phospholipids were decreased to a greater extent under anaerobic conditions 
(50-80%) than under aerobic conditions (15-40%). It may be seen from 
Table VI that 10-° M iodoacetate also produced a much greater decrease in 
the specific activity of ATP under anaerobic conditions than was observed in 
the presence of oxygen. 
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Cyanide 

Potassium cyanide, in the concentration used in these experiments 
(3 X 10°? M), caused a 60% decrease in the oxygen consumption of the 
brain homogenates (Table VII). In the aerobic experiments glycolysis was 
slightly increased while the incorporation of P® into lipid P, ATP, and ADP 
was decreased 30-50%. The specific activity of AMP was not greatly 
affected by the presence of cyanide. 

Under anaerobic conditions, cyanide did not affect the glycolysis or specific 
activities of ATP, ADP, or AMP to any significant extent. Although there 
was some decrease in the anaerobic labelling of phospholipids, this decrease 
was considerably less than that observed when oxygen was present. 


Discussion 


The inhibitory action of DNP on aerobic phosphorylation, first observed 
by Loomis and Lipmann (21), has been confirmed by many workers. A 
similar ‘uncoupling’ of aerobic phosphorylation by DNP has been demon- 
strated in brain homogenates (3, 7). Although DNP completely abolishes 
phosphorylations coupled with oxidations in the electron transport system 
(13, 20, 22), DNP-insensitive phosphorylations have been demonstrated in a 
number of laboratories (13, 14, 30, 31). In addition, Peiss, Field, and Hall 
(28) showed that anaerobic glycolysis in rat brain slices is insensitive to DNP 
over a wide range of concentrations. 

Many workers have reported that DNP stimulates an ATP-ase, or activates 
a ‘latent’ ATP-ase in mitochondria and in extracts of mitochondrial acetone 
powders (11, 18, 29). In the present experiments, it does not appear that 
ATP-ase activation alone could account for the effects produced by DNP. 
There is no reason to suspect that such an ATP-ase would not act on ATP 
produced by anaerobic reactions. However, DNP has no significant effect on 
the specific activity or steady-state concentration of ATP under anaerobic 
conditions. Thus, it would appear that DNP acts more specifically upon 
reactions concerned with the aerobic formation of ATP in the brain homo- 
genates. That such homogenates are capable of forming some ATP by 
aerobic mechanisms was demonstrated previously (25). 

The addition of fluoride increased the labelling of lipid P under aerobic 
conditions. Such an increase in the aerobic labelling of phospholipids in 
brain homogenates in the presence of fluoride was reported by Dawson (5). 
Fluoride is a well-known inhibitor of brain ATP-ase (26, 27). . In the aerobic 
experiments, fluoride caused a relatively greater increase in the specific 
activity of the lipid P than in the specific activity of the ATP. However, the 
steady-state concentration of ATP was increased. Under anaerobic condi- 
tions, fluoride decreased both the concentration of ATP and the incorporation 
of inorganic P® into both ATP and lipid P. These observations are consistent 
with the finding of Clowes and Keltch (4) that glycolytic phosphate esterifica- 
tion in soluble extracts of brain is inhibited by fluoride. The decreases in 
aerobic and anaerobic glycolysis produced by fluoride are probably due to 
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inhibition of the enzyme enolase (33). It is of interest to note that changes 
in the labelling of lipid P brought about by the addition of fluoride, either 
aerobically or anaerobically, more closely corresponded to the concentration 
of ATP than to its specific activity. 

The results show that concentrations of cyanide sufficient to produce quite 
large inhibitions of respiration and aerobic phosphorylation have little effect 
on aerobic or anaerobic glycolysis, or on anaerobic phosphorylation. We are 
not aware of other reports on the effect of cyanide on anaerobic phosphoryla- 
tion. 

Under anaerobic conditions, glycolysis and the labelling of lipid P and 
ATP were more sensitive to low concentrations of iodoacetate than were the 
corresponding reactions when oxygen was present. It was shown previously 
(25) that when oxygen was excluded from the system, either ATP, or com- 
pounds capable of generating ATP, such as AMP plus hexosediphosphate, or 
ADP plus uridine triphosphate or guanosine triphosphate, must be added to 
initiate the glycolysis of glucose, and hence the anaerobic labelling of lipid P. 
Under aerobic conditions, glycolysis and P® incorporation proceeded in the 
absence of added ATP. It is apparent that in the presence of oxygen some 
ATP is supplied by oxidative processes that are not inhibited by iodoacetate, 
whereas under anaerobic conditions the concentration of ATP is maintained 
solely by iodoacetate-sensitive mechanisms. 

The incorporation of inorganic P® into ATP, either by oxidative or by 
glycolytic phosphorylation, is probably the first step in the labelling of the 
more immediate precursors of phospholipids (15). In the experiments with 
DNP, cyanide, or iodoacetate, a decrease in the labelling of ATP was associated 
with a similar decrease in the labelling of the lipid P. However, in the 
fluoride experiments, the labelling of the lipid P corresponded more to the 
concentration than to the specific activity of the ATP. It is likely that, in 
addition to its role as a labelled precursor, ATP also plays a role in the 
energetics of phospholipid formation. Thus the increased concentration of 
ATP, observed in the presence of fluoride under aerobic conditions, may 
enhance energy-requiring reactions concerned with the further incorporation 
of P®-labelled intermediates (e.g. a-glycerophosphate, phosphorylcholine) into 
phospholipids (23). 
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SYNTHESIS OF 2-PYRROLECARBOXYLIC (C“O.H) ACID AND 
STUDY OF ITS METABOLISM IN THE INTACT RAT! 


G. LETELLIER AND L. P. BOUTHILLIER 


Abstract 


A method is described for the synthesis of 2-pyrrolecarboxylic (C“O;H) 
acid (PCA), in 50% over-all yield, by carbonation in a closed system of 
pyrrylmagnesium bromide, using a small amount of radioactive carbon dioxide. 
Doses of the labelled substance were administered by intraperitoneal injection 
to young rats. A small fraction of the injected radioactive PCA was catabolized 
in the rat tissues in such a manner that only 5 to 6% of the isotope appeared in 
expired carbon dioxide within 24 hours. From 70 to 80% of the injected 
radioactivity was excreted in the urine collected for 24 hours. Unchanged 
PCA, pyrroylglycine, and a glucuronide of PCA were the three major radioactive 
products demonstrated in the urine. 


Introduction 


In a previous report (9), we have shown that hydroxy-D-proline and 
allohydroxy-D-proline are transformed into 2-pyrrolecarboxylic acid (PCA) in 
both the human and the rat. These observations have led us to investigate 
the metabolism of PCA in the rat, using the isotope technique. 

The carbonation of pyrrylmagnesium bromide with labelled carbon dioxide 
appeared to us as a simple method for preparing radioactive PCA. However, 
according to carbonation procedures described by earlier workers (4, 12, 13) 
for the synthesis of PCA, a large excess of carbon dioxide must be used. Since 
for our purposes the amount of radioactive carbon dioxide was the limiting 
factor, none of these methods was integrally applicable. For this reason, we 
have devised a method by which a small quantity of isotopic carbon dioxide is 
employed to carbonate, in a closed system, an excess of pyrrylmagnesium 
bromide. The scheme for the synthesis is given in Fig. 1. 





HC——CH C.H;MgBr HC———_CH CHO, 
| } —_—_———- i] || -_-—— 
HC CH anhydrous HC C—MgBr 
Oia ether gt 
N N 
H H 
I 1 
HC———CH Ice “— 
i J ——. . od 
HC C—CuO.MgBr dilute C—C0-.H 
he H2SO, bo al 
N a N 
H H 


Ill IV 
Fic. 1. Scheme for the synthesis of 2-pyrrolecarboxylic (C'O.H) acid. 
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Contribution from the Department of Biochemistry, Faculty of Medicine, University of 
Montreal, Montreal, Quebec. 
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Experimental 
Synthesis of 2-Pyrrolecarboxylic (C“O.H) Acid 

Preparation of Pyrrylmagnesium Bromide 

Since pyrrylmagnesium bromide (II) cannot be prepared directly, it was 
obtained by the exchange reaction of pyrrole (I) with ethyl magnesium 
bromide in anhydrous ether. 

A 300 ml. two-necked flask was set up with a dropping funnel and a reflux 
condenser, to the upper end of which were attached drying tubes containing 
Drierite. The apparatus was flushed with dry nitrogen. Two grams of clean 
magnesium turnings and a crystal of iodine were placed in the flask and covered 
with 40 ml. of anhydrous ether. From the funnel was added 15 ml. of a 
mixture of 10 g. of ethyl bromide and 30 ml. of anhydrous ether. As soon as 
the reaction had begun, the mixture was diluted with 30 ml. of anhydrous ether 
and the remainder of the ethyl bromide solution was added dropwise. The 
solution was then refluxed gently for 30 minutes so as to complete the formation 
of the ethyl magnesium bromide. Titration (5) of an aliquot of the Grignard 
reagent indicated a 70% yield. Into the flask cooled to room temperature was 
added dropwise 6 g. (1 g. excess) of freshly distilled pyrrole dissolved in 75 ml. 
of anhydrous ether. An aliquot of the ethereal Grignard solution was titrated 
(5) to evaluate the residual amount of ethyl magnesium bromide. In the 
presence of an excess of pyrrole, the formation of pyrrylmagnesium bromide 


was nearly complete, and only a small quantity of ethyl magnesium bromide 
remained. 


Carbonation of Pyrrylmagnesium Bromide 


The apparatus employed for the carbonation of pyrrylmagnesium bromide 
was very similar to the one described by Dauben et al. (2). The manipulations 
performed with the apparatus were essentially the same as those prescribed by 
these authors. Into the carbon dioxide generator was placed 2.8 g. of sodium 
radiocarbonate (1 millicurie) and into the reaction flask was poured the 
ethereal pyrrylmagnesium bromide solution. In order to complete the 
carbonation of the Grignard reagent, the mixture contained in the reaction 
flask was mechanically agitated for 2 hours at room temperature. 


Pyrrolecarboxylic (C“O2H) Acid 

The ether solution containing the bromomagnesium salt of 2-pyrrole- 
carboxylic (CO2H) acid (III) was poured into a mixture of crushed ice and 
60 ml. of 3 M sulphuric acid. The ether layer was decanted and the aqueous 
solution was extracted twice with ether. The combined ether extracts were 
dried over sodium sulphate and then treated with a small quantity of Norit. 
The ether solution was concentrated to about 20 ml. and upon cooling 
2-pyrrolecarboxylic (C'O2H) acid (IV) precipitated as white granular crystals. 
A second crop of crystals was obtained by concentrating the mother liquor to 
10 ml. and cooling. The radioactive product was recrystallized from ether. 
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Pure radioactive PCA was thus obtained in 50% yield, based on sodium 
carbonate. The product melted with decomposition at 204°-207° and it was 
found to be radiochemically pure, as judged by paper chromatography in 
various solvent systems [R; 0.58 in phenol: water (4:1); 0.88 in n-butanol: 
glacial acetic acid: water (15:3:7); 0.74 in ethanol: water (77:23); 0.57 in 
n-butanol: pyridine: water (5:5:2)]. Radioactive peaks on the paper chroma- 
tograms were detected by assaying the eluates of segments cut from the 
chromatograms (8). In each instance, treatment of the chromatograms with 
2% p-dimethylaminobenzaldehyde in 1 N hydrochloric acid revealed a single 
pink spot coincident with the radioactive peak. A single pink spot was also 
observed on paper chromatograms, following the admixture of radioactive 
PCA and normal PCA synthesized according to the method of Maxim et al. 
(11). No trace of 3-pyrrolecarboxylic acid could be found as contamination 
product. 

For the measurement of the radioactivity of the product, a gas flow counter 
equipped with a thin Mylar window (Model D-47, Nuclear-Chicago) was used. 
As radioactive PCA was found to undergo some decomposition when heated 
in open air under an infrared lamp, the cupped stainless steel planchets 
containing aliquots of PCA solution were dried over phosphorus pentoxide in 
an atmosphere of nitrogen in a desiccator. The specific activity of the isotopic 
PCA was evaluated at 115,000 counts per minute per milligram. 


Administration of C'-Labelled PCA to Rats and Isolation of Radioactive 
Excretion Products 

Three rats weighing 55 g. each were given by intraperitoneal injection a 
single dose of 10 mg. of C'-labelled PCA dissolved in 1 ml. of water (the pH 
was adjusted to 7.4 with sodium hydroxide). Rats 1 and 2 were each placed 
in a glass metabolism cage for 24 hours. The exhaled carbon dioxide was 
collected in 10% sodium hydroxide at various time intervals and precipitated 
as barium carbonate. The urine of each animal was diluted to 100 ml. with 
water and assayed for total radioactivity. 

Aliquots of the urine solutions were subjected to one-dimensional paper 
(Whatman No. 1) chromatography by capillary ascent, using as solvent system 
n-butanol: acetic acid: water (15: 3:7). The major isotopic compounds were 
localized by measuring the radioactivity distributed on the paper chromato- 
grams (8). 2-Pyrrolecarboxylic acid and conjugates of this compound were 
visualized by spraying the chromatograms with a 2% solution of p-dimethyl- 
aminobenzaldehyde (PDAB) in 1 N hydrochloric acid and warming them for 
a few minutes in an oven at 100°; a red color developed. 

om 


Results and Discussion 


Radioactivity in Respiratory Carbon Dioxide 

The values obtained for respiratory carbon dioxide of Rats 1 and 2, collected 
for 24 hours, are presented in Table I. The average hourly excretion of 
radiocarbon, expressed as percentage of the dose injected, reached a maximum 
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TABLE I 


RADIOACTIVITY IN RESPIRATORY CARBON DIOXIDE 




















Rat 1 Rat 2 
Time Per cent Per cent Per cent Per cent 
interval, of dose, of dose, of dose, of dose, 
hr. per hour cumulative per hour cumulative 
0-1 0.4 0.4 0.40 0.4 
1-2 0.30 0.7 0.40 0.8 
2-4 0.70 2.1 0.60 2.0 
4-6 0.60 3.3 0.40 2.8 
6-8 0.30 3.9 0.30 3.4 
8 -24 0.10 5.5 0.15 5.8 





value for both rats between the second and the fourth hour after the injection 
of isotopic PCA. In 24 hours, between 5 and 6% of the administered C was 
disposed of in the expired carbon dioxide. Thus only a small fraction of the 
injected isotopic PCA was catabolized to the formation of radioactive carbon 
dioxide. It must be emphasized that the appearance of the carboxyl carbon 
of PCA in the respiratory carbon dioxide does not necessarily indicate that the 
remainder of the molecule was oxidatively degraded in the rat tissues. PCA 
may have undergone spontaneous or enzyme-catalyzed decarboxylation to 
form pyrrole. Very likely also is the possibility that part of the administered 
PCA may have been catabolized in such a manner that the pyrrole ring was 
first broken down, and that the carboxyl carbon appeared as carbon dioxide 
at some later stage of the degradation. In order to clarify this problem one 
would need to experiment with ring-labelled PCA. 


Identification of Radioactive Urinary Components 

Paper radiochromatographic examination of aliquots of the urine solutions 
revealed the presence of at least four distinguishable radioactive components. 
Knowing the average total radioactivity distributed on each paper strip, it was 
calculated that 70 to 80% of the radiocarbon injected as carboxyl-labelled 
PCA was excreted in 24 hours in the urine. For convenience, the four com- 
pounds responsible for the radioactive peaks observed at Ry; values 0.90, 0.75, 
0.48, and 0.32 will be designated respectively by the letters A, B, C, and D. 
In Table II is given the percentage of the injected radioactivity recovered in 
the urine of Rats1,2,and3. Inthe same table are given the relative values of 
the radioactivity distributed among the four peaks, expressed as percentage of 
the total activity measured on the paper chromatograms. It is obvious that 
the compound of peak D is of minor importance. It is to be noted that no 
colored spot was observed, at the level of any of the four radioactive peaks, on 
duplicate paper chromatograms treated with ninhydrin. 

In order to obtain a larger amount of the radioactive urinary components, 
paper column chromatography (1, 6) was applied to the pooled 24-hour urine 
of four 150 g. rats which had been injected each with a solution containing 
50 mg. of normal PCA and 5 mg. of radioactive PCA. The chromatographic 
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TABLE II 


RADIOACTIVITY IN URINARY COMPONENTS 








Per cent of the total radioactivity measured on the 








Per cent of paper chromatograms (solvent system n-butanol: 
the injected acetic acid: water 15: 3: 7) 
radioactivity 
Rat recovered in Peak A, Peak B, Peak C, Peak D, 
No. urine* R; 0.90 Ry; 0.75 R; 0.48 Ry; 0.32 
1 77 37 12 51 0 
2 80 23 11 63 3 
3 69 35 11 $1 3 





*A dose of 10 mg. of radioactive PCA, equivalent to 1.15 X 10° counts per minute, was 
administered intraperitoneally to each rat (55 g.). 


solvents employed were 90 and 70% alcohol. The effluent fractions which 
contained a single radioactive compound were pooled. In each case the 
solution was evaporated to dryness and the residue was taken up in 20 ml. of 
water. Aliquots of each aqueous solution were chromatographed on paper 
using -butanol:acetic acid: water (15:3:7) as solvent system; a single radio- 
active peak was detected on the chromatograms. The very weakly radioactive 
metabolite of peak D was not eluted from the paper column. The compounds 
of peaks A, B, and C each gave a red color spot on the chromatograms treated 
with PDAB reagent. However, the ninhydrin reaction was negative. 


1. Compound of Peak A 
The radioactive substance of peak A was readily identified as unchanged 
PCA by paper cochromatography with the synthetic product in seven solvent 
systems (Table III). 
TABLE III 


PAPER CHROMATOGRAPHIC SOLVENT SYSTEMS AND Ry VALUES 














Ry values 
Solvent Peak Peak Peak 
system No. Composition A B Cc 
1 Phenol: water (4: 1) 0.58 0.53 0.36 
2 Ethanol: water (77: 23) 0.74 0.67 0.52 
3 n-Butanol: pyridine: water (5: 5: 2) 0.57 0.35 0.24 
4 n-Butanol: glacial acetic acid: water (15:3: 7) 0.90 0.75 0.48 
5 n-Butanol: glacial acetic acid: water (40: 1:9) 0.87 0.58 0.14 
6 Pyridine: water (13: 7) 0.74 0.84 0.86 
7 s-Collidine saturated with water 0.45 0.48 0.47 





2. Compound of Peak B 

Since the compound of peak B gave a positive PDAB reaction, we suspected 
it to be a conjugate of PCA. An aliquot of the solution containing metabolite 
B was heated under reflux for 6 hours in the presence of barium hydroxide. 
The barium ions were precipitated as sulphate and the filtered hydrolyzate 





816 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 35, 1957 


was chromatographed on paper in four solvent systems. The radioactive peak 
was found to coincide with the red color spot given by PCA on duplicate paper 
chromatograms treated with PDAB reagent. Other chromatograms of the 
same hydrolyzate were sprayed with ninhydrin reagent and a purple color 
spot was observed. The amino acid was identified as glycine by cochromato- 
graphy in several solvent systems (Table III, solvent systems No. 1, 2, 4, 
and 6). Thus metabolite B appeared most likely to be pyrroylglycine. 
Unequivocal identification was ascertained by cochromatography, in seven 
solvent systems (Table III), with an authentic sample of pyrroylglycine 
prepared by the method of Fischer (3). 


3. Compound of Peak C 


The solution containing the radioactive metabolite C was also heated under 
reflux in the presence of excess barium hydroxide. PCA was readily identified by 
chromatography and radiochromatography as one of the hydrolytic products. 
It is worth mentioning that under the conditions of hydrolysis employed by us, 
a small amount of PCA was decarboxylated to form pyrrole. Upon spraying 
of the chromatograms with PDAB reagent, pyrrole gave a red spot. Duplicate 
chromatograms of aliquots of the hydrolyzate were treated with ninhydrin 
but no colored spot was observed. Thus the substance combined to PCA to 
form metabolite C does not contain a free amino group. The hydrolyzate 
was then tested for the presence of glucuronic acid by the a@-naphthoresorcinol 
reaction (Tollens). A characteristic violet-red color developed. These 
observations indicated metabolite C was a glucuronide. Additional evidence 
was obtained by submitting radioactive metabolite C to the action of 
B-glucuronidase (bacterial origin) in acetate buffer (pH 5.5). The C'-labelled 
metabolite was completely hydrolyzed within 1 hour of incubation at 37°, as 
the radioactivity was totally recovered under the form of PCA. In order to 
ascertain that the splitting of the radioactive metabolite C was effectively 
catalyzed by §-glucuronidase, saccharo-1,4-lactone, a known competitive 
inhibitor in glucuronidase action (10), was added in increasing amounts in a 
number of preparations. In the preparation containing as much as 10 mg. of 
saccharo-1,4-lactone, about half of the radioactive substrate was hydrolyzed in 
1 hour to PCA and glucuronic acid. No inhibition occurred, however, when 
10 mg. of glucurono-3,6-lactone was added in control preparations. The 
above results leave no doubt that metabolite C is a glucuronide of PCA. The 
question now arises as to whether the anomeric carbon of glucuronic acid is 
linked to the nitrogen atom or to the carboxyl carbon of PCA. If the bond 
were of the C—N type, it would be expected that the glucuronide would 
resist chemical hydrolysis, under the usual conditions, as this was observed for 
1-ribosylimidazoleacetic acid (14, 7). Moreover, a C—N type glucuronide 
would not give a red color with PDAB reagent, because of the absence of the 
hydrogen atom on the pyrrolic nitrogen. However, as stated before, the 
contrary was observed. Because the isolated glucuronide is hydrolytically 
split into its components with extreme facility, by either B-glucuronidase or 
baryta, we seem justified in assuming that the carboxyl carbon of PCA is 


- 
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linked by an ester bond to the anomeric carbon of glucuronic acid. Thus the 
structure of metabolite C is tentatively identified as B-pyrroyl-D-glucuronide, 





Geant 
H | OH H OH 
. ow 
HC CH “‘C—C—C—C—C—COOH. 
| | O 4H OHH H 
HC Cc.—¢€ 
\ 
NH O 


The nature of urinary radioactive compound D, a metabolite of minor 
importance, is as yet unknown to us. 

It is interesting to report that young rats weighing 50 g. showed no signs of 
toxicity after receiving a single intraperitoneal injection of as much as 50 mg. 
of normal PCA. Further, the two conjugates of PCA, pyrroylglycine and 
pyrroylglucuronide, which are formed in the tissues of the rat, are typical 
products of normal detoxication processes. 
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THE DISTRIBUTION OF RADIOACTIVE CARBON 
IN THE RAT AFTER THE ADMINISTRATION OF RANDOMLY 
LABELLED C*-8-CAROTENE' 


J. S. WILLMER? anp D. H. LAUGHLAND 


Abstract 


The distribution of C' has been studied in rats following the oral administra- 
tion of C-8-carotene, which is known to be readily converted to vitamin A in 
the intestine. The rats were maintained in a respiration chamber and individuals 
removed at various time intervals up to 28 hours after dosing, and the concen- 
tration of C™ in tissues was determined. The counts per million per gram of 
tissue was higher in the adrenal glands and hypophysis than in the other organs 
examined. The pattern of C* distribution in intestine, liver, kidneys, and blood 
appears consistent with current knowledge of the metabolism of vitamin A. 


Introduction 


Although there are many references in the literature to the dramatic im- 
pairment of physiological and metabolic function imposed by a deficiency of 
vitamin A, there is little information concerning the specific manner in which 
the vitamin exerts its effect. An exception to this is the role of vitamin A in 
the visual process, which is reasonably well understood. 

Laughland (10) studied the distribution of Cin the chick after the adminis- 
tration of C'-8-carotene, but it is now known that a contaminant, which was 
not separable by chromatography, was present in the dosing solution. 

Krause, Coover, and Powell (8) claimed that after C'-6-carotene was given 
orally to a rat, all of the absorbed C was found in the carotene-free, non- 
saponifiable fraction of the rat. These workers inferred that B-carotene was 
not changed into any water-soluble or saponifiable material. Kahn (7) ad- 
ministered vitamin A-2-C™ to rats and studied the distribution of C™ in the 
saponifiable and non-saponifiable fractions of various tissues. The saponifiable 
fractions contained appreciable amounts of radioactivity, and at least two 
metabolites of vitamin A were present in urine. Wolf, Kahn, and Johnson 
(18) administered vitamin A-2-C" intraperitoneally to a rat and observed the 
following percentage distribution of radioactivity: expired carbon dioxide 5.2, 
urine 11.67, faeces 22.38, liver 13.79, skin 0.54, eyes 0.01, and remaining 
carcass 24.29. Water-soluble metabolites of vitamin A which were insoluble 
in petroleum ether but soluble in butanol were found in the urine. 

The present work was conducted in an attempt to determine the distribution 
of C in the tissues of the rat after administration of an oral dose of randomly 
labelled C'-8-carotene. It is obvious that in long term experiments the C™ 
would appear in most, if not all, tissues, once the C™ had found its way into 
the various pools of metabolically active carbon compounds. In an attempt 
to determine the rate of appearance of C™ in tissues the activity has been 

1Manuscript received May 27, 1957. 
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determined at various time intervals after dosing. It was considered that the 
rate at which vitamin A or its degradation products appeared in a particular 
tissue and its relative abundance might, in relation to the metabolic function 
of this tissue, provide some indication of its mode of action. 


Experimental 
Methods 

C.8-carotene was prepared from rye seedlings which were grown in an 
atmosphere of C“O.. After a germination period of 48 hours in the dark the 
seedlings were transplanted into moist sand in a growth chamber and main- 
tained in an atmosphere of CO, for 7 to 10 days. A quantity of CuO, based 
upon previously observed requirements was generated from NazC™Os; just 
prior to each photosynthetic period of 16 hours’ duration. At the end of this 
time the residual C“O, was removed from the chamber by pumping the gases 
through sodium hydroxide towers, and the seedlings were kept in the dark 
for 8hours. A subirrigation technique was used to saturate the sand with the 
nutrient medium of Arnon and Hoagland (1) before and after each dark period. 

At the end of the growth period the seedlings were removed, washed with 
water, and separated from the roots. The tissue was ground with sand and 
extracted in the cold with peroxide-free diethyl ether. After removal of sol- 
vent under reduced pressure the residue was saponified at room temperature 
in the dark for 18 hours by the addition of 20.0 ml. ethanol and 2.0 ml. of 
50% potassium hydroxide. The non-saponifiable fraction was extracted 
with ether, and the extract washed free from alkali and dried over anhydrous 
sodium sulphate. Ether was removed under reduced pressure and the residue 
dissolved in 20.0 ml. of Skellysolve B.* Sterols were removed by cooling the 
solution to — 60° C. and filtering it through dry ice according to the technique 
of Glover, Goodwin, and Morton (5). 

C'.8-carotene was separated from the filtrate by chromatography on activ- 
ated alumina. It has been observed in this laboratory and also by Glover 
and Redfearn (6) that it is impossible to obtain pure B-carotene by ordinary 
chromatographic means because an unidentified compound of high specific 
activity has been found to move with B-carotene on the column. The C"-6- 
carotene used in the current experiments was recrystallized several times 
from chloroform by the addition of 80% methanol until a compound of 
constant specific activity was obtained. 

The dosing solution was prepared by dissolving 2.05 mg. of C'*-6-carotene 
having a specific activity of 1.41X10° c.p.m. per mg. B-carotene in a few 
drops of diethyl ether. To this solution was added 9.5 ml. of 20% Tween 40 
(polyoxyethylene sorbitan monopalmitate). The solution was mixed by means 
of a stream of nitrogen, and ether was removed by warming. 

Eight male vitamin A-deficient albino rats (age 50 days) were given 1.0 ml. 
of the dosing solution by stomach tube. Four rats were then placed in each 
of two respiration chambers in which there was provision for the collection 
of urine and faeces. Drinking water was provided but no food was given. 


*Skelly Oil Company, Kansas City, Missouri. 
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The respired carbon dioxide was collected in towers containing 0.5 N NaOH. 
Rats were removed from the chamber at 1, 2, 4, 6, 10, 16, 22, and 28 hours 
after dosing and the following organs removed for analysis: adrenals, heart, 
hypophysis, intestines, kidneys, liver, lungs, pancreas, spleen, stomach, testes, 
and thymus. A sample of blood was also taken at the time each rat was killed. 
Tissues were washed with physiological saline and blotted dry in order to 
remove as much blood as possible before weighing. Intestines were cut into 
lengths of approximately 10 cm. and flushed with saline; the washings were 
added to the excreta. The term “‘excreta’’ has been used to refer to the 
combined urine, faeces, stomach, and intestinal contents. Each sample was 
frozen and stored in an individual sealed container until analyzed for activity. 
The samples were saponified with alcoholic potassium hydroxide and the activ- 
ity of the saponifiable and non-saponifiable fractions was determined. Aliquots 
of each extract were oxidized by the wet combustion method of Van Slyke, 
Plazin, and Weisiger (17) and counted as barium carbonate pads according 
to the technique of Migicovsky and Evans (14). 


Results 


The total activity recovered in each organ at various times after dosing is 
shown in Table 1. It should be recognized that vitamin A or B-carotene would 
appear in the non-saponifiable fractions and the activity in the saponifiable 
residues represents degradation products. In view of the known ability of the 
rat to convert 6-carotene to vitamin A in the intestinal mucosa, it is unlikely 
that B-carotene appeared in the systemic circulation in large amounts. 

The total activity in the non-saponifiable fractions of tissues from eight rats 
over the 28-hour period was greatest in liver followed in descending order by 


TABLE I 


TOTAL A JITY PER ORGAN -P.M. 
I L ACTIVITY PER ORGAN,* C.P.M 








Hours after dosing 














Tissue Fraction 1 2 4 6 10 16 22 28 
Adrenals N.S. N.a.f 3600 4896 6952 15000 6132 3536 2652 
Sap. - + 195 1272 1047 770 1760 1677 
Heart N.S. 188 209 363 327 174 307 186 - 
Sap. 195 137 139 175 279 227 177 128 
Hypophysis N.S. 117 110 120 615 135 105 120 200 
Sap. + 197 180 1007 + 307 + + 
Intestines N.S. N.a.t 7750 12334 13354 8875 1673 1626 - 
Sap. 2000 _ 2750 — _ - _ _ 
Kidneys N.S. 293 460 558 889 731 911 879 907 
Sap. - 781 _ 159 - - 158 
Liver N.S. 2700 2700 8750 6650 13150 12450 13750 8800 
a Sap. 1341 1177 1221 1302 1224 2436 679 1060 
Lungs N.S _ - a a 553 1038 855 667 
Sap. - - - - - - _ - 
Spleen N.S. 150 + 116 119 204 128 + + 
Sap. _ - - - - - ~ - 
Stomach N.S 546 275 144 - — - - - 
Sap. - - - + + - - 
Bloodt N.S. 1137 2920 1441 553 705 668 574 717 
Sap. a + + + + + + + 
*+- Trace of radioactivity. — No radioactivity. 


+Total activity calculated on basis of 6.0 ml. blood per 100 g. body weight. 
Result not available. 
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TABLE II 


DISTRIBUTION OF C!* IN NON-SAPONIFIABLE FRACTIONS AS A PERCENTAGE OF 
TOTAL ACTIVITY RECOVERED IN THE FIVE TISSUES 




















Tissue 2 4 6 10 16 22 28 
Adrenal 20.80 17.49 24.47 39.00 28.08 17.36 20.27 
Intestine 44.40 44.10 47.01 23.07 7.66 7.98 0.00 
Kidney 2.60 2.00 3.13 1.90 4.17 4.32 6.96 
Liver 15.47 31.27 23.41 34.19 57.02 67.51 67.29 
Blood 16.73 5.16 1.98 1.84 3.07 2.83 5.48 





intestines, adrenal glands, blood, kidneys, lungs, heart, hypophysis, stomach, 
and spleen. Barely detectable amounts of C™ were found in pancreas, testes, 
and thymus. 

In order to assess more adequately the partitioning of activity, the percent- 
age distribution of C' in the non-saponifiable fractions of adrenals, intestines, 
kidneys, liver, and blood is shown in Table II. These values are expressed as 
percentages of the total activity recovered in these five tissues. It is apparent 
that over the 28-hour period after dosing there is the expected reallocation of 
radioactivity. During the early stages of absorption, activity is high in the 
intestine and blood. As the metabolic phase becomes superimposed upon 
the absorption process, increasing activity is observed in other tissues. The 
adrenal gland, however, appears unique in that C™ is rapidly assimilated and a 
high concentration is maintained during the entire experimental period. 

The concentration of radioactivity in tissues (c.p.m./g. fresh tissue) is shown 
in-Table III. The adrenal glands exhibited the greatest concentration and 


TABLE III 


CONCENTRATION OF ACTIVITY IN TISSUES (COUNTS PER MINUTE PER G. TISSUE X 1073)* 








Hours after dosing 




















Tissue Fraction 1 2 4 6 10 16 22 28 
Adrenals N.S. N.a.t 223.6 259.0 431.8 1041.6 406.0 221.0 144.9 
Sap. - + 10.3 79.0 72.7 50.9 110.0 91.6 
Heart N.S. 0.405 0.360 0.851 0.849 0.530 0.751 0.540 - 
Sap. 0.420 0.236 0.326 0.454 0.851 0.555 0.541 0.255 
Hypophysis N.S. 3.874 2.165 4.651 14.505 2.406 3.431 3.727 5.333 
Sap. + 3.878 6.977 23.750 + 10.032 + 
Intestines N.S. N.a.t 1.674 2.812 3.394 1.735 0.379 0.461 - 
Sap. 0.323 _ 0.627 _ = _ ~ — 
Kidneys N.S. 0.255 0.338 0.571 0.904 0.882 0.955 1.059 0.785 
Sap. - 0.574 - - 0.192 - _ 0.137 
Liver N.S. 0.567 0.470 2.369 1.812 4.080 3.654 4.154 1.919 
Sap. 0.282 0.205 0.330 0.355 0.380 0.715 0.205 0.231 
Lungs N.S. - _ + + 1.468 1.735 1.903 1.059 
Sap. - - - - - _ - - 
Spleen N.S. 0.195 a 0.228 0.252 0.415 0.241 + + 
Sap. - - = ~ - — - _ 
Stomach N.S. 0.585 0.316 0.221 - - - - - 
Sap = = = + + = 5, = 
Blood, c.p.m./ml. N.S. 0.166 0.312 0.237 0.094 0.153 0.105 0.123 0.100 
Sap. + + + + + +> + 
*+ Trace of radioactivity. — No radioactivity. 


tResult not available. 
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this was maintained throughout the experimental period of 28 hours. Follow- 
ing the adrenal glands in decreasing order of their activity were the hypo- 
physis, liver, intestines, kidneys, lungs, heart, spleen, blood, and stomach. 

In view of the fact that four rats were maintained in each of two metabolism 
chambers with a consequent pooling of excreta it was not possible to calculate 
the percentage absorption of C™ on an individual basis. The total radio- 
activity recovered from all samples obtained during the course of the experi- 
ment amounted to 70% of the administered C%. CO, production by all 
animals accounted for 11.7% of the administered C'-8-carotene, and the 
excreta 47.7%. 

The total activity for the non-saponifiable fraction of intestines, blood, liver, 
kidneys, and adrenals was calculated as a percentage of the maximum value 
attained by the tissue after dosing and these results are shown in Figs. 1 and 2. 
Maximum activity in the intestinal mucosa was observed 6 hours after dosing 
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Fic, 2. C™ activity of tissues expressed as a percentage of maximum value observed. 


and the amount rapidly decreased after this time. It may be concluded 
that the greater part of the C™-6-carotene was absorbed during the 6-hour 
interval after dosing. In contrast to the foregoing, maximum blood levels were 
attained in 2 hours. The concentration decreased during the succeeding 4 
hours to a constant level which was maintained for the remainder of the 
experiment. Activity in the kidney gradually increased to a maximum at 
about 8 hours and continued at this level for the duration of the experiment. 
The data for liver samples indicated that maximum activity was found at 
about 10 hours and was maintained until 22 hours, when a decrease was 
observed. Adrenal activity increased during the first 8 hours but fell rapidly 
after this time. 

Of the total activity in the non-saponifiable fractions of the liver and 
adrenals, the proportion residing in vitamin A and B-carotene was determined 
in the. following manner. The non-saponifiable extracts of each tissue were 
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combined and known amounts of vitamin A alcohol and #-carotene were 
added. The extracts were chromatographed on alumina columns to resolve 
vitamin A and B-carotene. In the case of liver it was found that 90.0% of 
the activity was present as vitamin A and 2.0% as B-carotene. The adrenal 
extracts had 91.8% of the activity in the form of vitamin A and 3.8% as 
B-carotene. If it can be assumed that other tissues resemble liver and 
adrenal in the above respect then the activity observed in the non-saponifiable 
fractions may be considered to be primarily vitamin A. 

The data in Table III, with the exception of those for the adrenals and 
hypophysis, indicate that the activity of the saponifiable fractions was rela- 
tively low in comparison with the non-saponifiable fractions. The high 
activity observed in the saponifiable fractions of adrenals and hypophysis may 
suggest that these organs are particularly active in metabolizing vitamin A. 


Discussion 


The high concentration of activity found in the adrenal glands is of par- 
ticular interest. It was demonstrated by Popper and Greenberg (15) that 
vitamin A occurs in the adrenal gland and is concentrated chiefly in the 
cortical zone. In contrast to the foregoing, the work of Bennett, Bennett, 
Shaver, and Gracht (2) did not reveal a high concentration of the vitamin in 
the adrenal gland after administration of oral doses of vitamin A. 

The possibility of an association of vitamin A with steroid metabolism has 
been suggested by Bodansky and Markardt (3). Reichstein’s compound L 
acetate (3-8-acetoxy-17-hydroxy-allopregnan-20-one) was found to markedly 
decrease the concentration of vitamin A in plasma. Lowe, Morton, and 
Harrison (12) have suggested that an abnormal secretion of glucocorticoids 
occurs in vitamin A deficiency. Further evidence of a possible interrelation- 
ship between vitamin A and steroid metabolism has been presented by Clark 
and Colburn (4); Migicovsky (13); Ralli and Waterhouse (16); Lane, Wolf, 
and Johnson (9); and Laughland and Phillips (11). This last work revealed 
that blood glucose rose to abnormally high levels when glucose was admin- 
istered orally to vitamin A-deficient rats. There was no impairment in the 
absorption of glucose but studies im vivo, and in vitro with liver slices, showed 
that the ability of the liver to convert glucose to glycogen was impaired. 

Attempts in this laboratory to demonstrate that vitamin A is directly 
involved in the respiration of adrenal tissue or in steroid synthesis have thus 
far given inconclusive results. It is, however, tempting to speculate that the 
avidity with which the vitamin is taken up by the adrenal gland is indicative 
of some functional relationship. 

The rapidity with which a constant level of activity in blood was attained 
is further evidence of the homeostasis which is known to govern serum levels 
of the vitamin. The fact that the liver concentration of C'™ increased for a 
period of 10 hours whereas the blood level was maximal at 2 hours must 
indicate a precise balance between absorption from the intestine and storage 
in the liver. 
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About 12% of the C' administered as C'!-B-carotene was recovered in the 
expired air. This value represented the total output of eight rats which were 
metabolizing the administered C'™-8-carotene for various periods of time. 
It was observed that the production of C“O, from the administered C'-6- 
carotene was very low during the first few hours after dosing and appreciable 
amounts of C“O, were only formed later on in the experiment when degrada- 
tive changes were occurring owing to metabolic activity in the tissues. 

It is apparent that the C" activity of C'-8-carotene is rapidly transferred 
(presumably as vitamin A) through the intestinal epithelium and stored in 
the liver. The adrenal glands have been found to be particularly active in the 
uptake of the C™. 


- 
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STUDIES ON THE PRESERVATION OF BLOOD 


Vv. THE INFLUENCE OF THE HYDROGEN ION CONCENTRATION ON 
CERTAIN CHANGES IN BLOOD DURING STORAGE! 


SHELBY KASHKET, DAvID RUBINSTEIN, AND ORVILLE F. DENSTEDT 
With the technical assistance of SHEILA M. GOSSELIN 


Abstract 


The hexokinase of the erythrocyte has two optima of activity, a pronounced 
one at pH 7.8 and a lesser one at pH 6.0. Glycerate-2,3-diphosphatase of the 
red cell similarly has two sharp optima, at pH 7.0 and 8.1, respectively. From 
pH 7.2 to 7.8 the activity of the diphosphatase is very low. During storage of 
blood with the citrate-dextrose (CD) medium at 4° C. the pH of the samples 
falls from about pH 7.4 to 6.9, by the end of the fourth week. When blood is 
preserved with the acidified citrate-dextrose (ACD) medium, the pH falls from 
about 7.1 to 6.5 in the same period. The content of 2,3-diphosphoglycerate and 
the diminution in the activity of the hexokinase of the red cells are related to 
the change in the pH of the blood during storage. The significance of these 
changes is discussed. 


It is common knowledge that the hydrogen ion concentration in blood tends 
to increase during the storage of specimens in the cold (5, 7, 9, 10, 13). This 
is caused by the steady accumulation of lactic acid produced by glycolysis in 
the erythrocytes. As the acidity of the specimens is increased, the glycolytic 
activity of the cells is retarded (2, 10). When blood is preserved in isotonic 
citrate dextrose (CD) medium this retardation does not become evident until 
the end of the second week of storage, by which time the pH usually has 
fallen from an initial value of 7.4 to about 7.1. When stored in the acidified 
citrate-dextrose (ACD) medium, on the other hand, the pH of the specimens 
is about 7.0—-7.1 at the start, hence the rate of glycolysis is retarded from the 
beginning of storage. 

Prominent among the numerous metabolic changes that occur in the red 
blood cells during storage are the progressive decrease in the capacity of the 
cells to utilize glucose and the progressive hydrolysis of 2,3-diphosphoglycerate 
(DPG). In specimens preserved in the CD medium at 4° C. the concentration 
of DPG remains unchanged until the 12th-15th day, or it may even be 
increased if the preservative medium contains added inorganic phosphate (1). 
Thereafter, the DPG rapidly undergoes conversion to pyruvate with liberation 
of inorganic phosphate. Many years ago Rapoport and Guest (1) observed 
the rapid breakdown of DPG in blood when the pH approached 7.0. Martland 
(6), also, observed the tendency towards the hydrolysis of organic phosphate 
esters in hlood when the pH falls below 7.3, and the tendency towards esteri- 
fication of inorganic phosphate on the alkaline side of this pH. 

1Manuscript received May 10, 1957. 
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The present communication elucidates further the retarding influence of 
increased hydrogen ion concentration on the metabolic activity of the 
erythrocytes during storage, particularly with respect to the progressive 
inhibition of hexokinase and the concomitant activation of glycerate-2,3- 
diphosphatase. 


Methods 


1. Estimation of Hexokinase Activity 


Human blood was collected into ACD medium in the manner described in a 
previous paper (13) and stored at 4° C. A sample of the blood was removed 
periodically with aseptic precautions and the erythrocytes were waShed four 
times with isotonic potassium chloride (0.154 M). After each washing the 
overlying layer of white cells was removed by careful aspiration, and the red 
cell suspension finally was made up to the original volume with potassium 
chloride solution. Glucose, adenosine diphosphate (ADP),? Mgt* ions, and 
phosphate-glycylglycine buffer (pH 8) were added to an aliquot of the cells, 
and the specimen was incubated at 37°C. for 2 hours. The amount of 
glucose utilized was estimated by the method of Nelson (8). 

For certain experiments hemolyzates were prepared by freezing the washed 
red cells in an acetone — dry ice bath, and thawing them in a bath at 37°; the 
treatment was repeated three times. Stroma-free hemolyzates (SFH) were 
prepared by adding two volumes of cold distilled water to the washed red 
cells, restoring the salt concentration of the sample to isotonicity by adding 
0.2 volumes of 1.54 M KCl, and finally removing the membranous residues 
of the cells by centrifugation. Glucose, ATP, Mg** ions, and phosphate—- 
glycylglycine buffer were added to an aliquot of the preparation, and the latter 
then incubated at 37° C. for 1 hour. The amount of glucose utilized during 
the period was determined. Hemoglobin was determined by the method of 
Evelyn and Malloy (3). 


2. Estimation of Glycerate-2,3-diphosphatase Activity 

Blood specimens, preserved in citrate-dextrose (CD) medium at 4° C. for 
not longer than 10 days, were used for the assay of the DPGase activity. 
Samples of the preserved blood were withdrawn, under sterile conditions, the 
hydrogen ion concentration was adjusted to the desired pH by addition of 
0.1 44 NaOH or HCl, and iodoacetate was added to prevent the synthesis of 
DPG from the glucose in the medium during the incubation treatment. The 
specimens were incubated at 37° C. for 4 hours. The difference between the 
concentration of DPG before and after the incubation afforded a measure of 
the diphosphatase activity of the specimens. The DPG concentration was 
estimated from the difference between the total amount of acid soluble 
phosphate (expressed as inorganic phosphate) and the concentration of 
inorganic phosphate after hydrolysis for 100 minutes in 0.1 M HCI at 100° C. 


2ADP was used in preference to ATP for reasons that will be discussed in a later publication. 
rhe erythrocyte membrane contains adenylate kinase. 
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Fic. 1. Change in pH of blood during storage at 4° C. 
O Preserved in the CD medium. O Preserved in the ACD medium. 


Results 


Change in the pH during Storage 

Fig. 1 indicates the progressive fall in the pH of blood specimens preserved 
in the ACD and the CD media at 4° C. 

It is noteworthy that the pH of the blood in the two preservative media 
fell steadily during storage and that, by the 32nd day, the magnitude of the 
decrease amounted to 0.7 of a pH unit in both cases. 


Hexokinase 

To ascertain the influence of the hydrogen ion concentration on the activity 
of hexokinase, washed erythrocytes were incubated at 37° C. with added 
glucose in a series of phosphate buffer solutions (0.033 M) ranging in pH 
from 4.2 to 9.0. The solutions with pH lower than 6.0 were reinforced with 
acetate buffer and those higher than 7.5, with glycylglycine buffer. After 
incubation for 30 minutes, the red cells were washed with isotonic potassium 
chloride and again incubated with added glucose and ADP at pH 7.8. The 
amount of glucose utilized was determined. In another experiment specimens 
of stroma-free hemolyzate (SFH) were incubated in the various buffered media 
for 1 hour. Glucose and ATP were then added and the incubation continued 
for 45 minutes without adjustment of the pH to 7.8. The results of these 
experiments are represented in Fig. 2. 

Since, in the experiment with the intact red cells, the rate of glucose utiliza- 
tion was measured at pH 7.8 in all instances, the results, as indicated in the 
figure, reflect the relative stability of hexokinase at the various hydrogen 
ion concentrations. 

The results obtained with the SFH, on the other hand, conceivably could 
have been complicated by the influence of the hydrogen ion concentration on 
the hexokinase-glucose interaction in addition to the direct effect of the 
hydrogen ion concentration on the enzyme (protein) itself. However, in 
view of the close similarity between the behavior of the red cells and that of 
the SFH it would appear that this complication did not arise. Thus the 
results with the two types of preparation indicate that maximum stability of 
hexokinase occurs between pH 7.8 and 7.9. Another, though lesser, ‘peak’ 
of stability occurs about pH 6.0. 
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Fic. 2. The influence of the hydrogen ion concentration on the hexokinase activity 

of the human erythrocyte and the hemolyzate. 

Intact erythrocytes. O Stroma-free hemolyzate. 

Washed erythrocytes (1.0 ml.) were incubated for 30 minutes, at 37° C., with 0.5 ml. each 
of 0.2 M phosphate, glycylglycine, and acetate buffers, 0.1 ml. of 0.075 M MgCl, 0.9 ml. 
of 0.033 M glucose, and sufficient isotonic KCI (0.154 2) to make the final volume up to 
3.0 ml. The erythrocytes were then washed and the volume of the sample made up to 
1.0 ml. with isotonic KCl. The erythrocytes (0.3 ml.) were incubated further for 120 
minutes at 37° C. with 0.1 ml. of 0.2 M KsHPO,, 0.2 ml. of 0.2 M glycylglycine buffer 
(pH 8.0), 0.1 ml. of 0.075 M MgCh, 0.1 ml. of 0.033 M glucose, 0.1 ml. of 0.075 M ATP, 
and sufficient isotonic KCl to make the final volume 1.5 ml. 

The SFH (0.5 ml.) was incubated for 60 minutes, at 37° C., with 0.1 ml. of 0.2 M phos- 
phate buffer and 0.2 ml. of 0.2 M glycylglycine buffer (both buffers havi ing the pH values 
indicated in the figure) 0.1 ml. of 0.075 M MgCl, and sufficient isotonic KCl to make 
the final volume 1.3 ml. Following the incubation, 0.1 ml. of 0.033 M glucose and 0.1 
ml. of 0.075 M ATP were added, and the incubation was continued for 60 minutes. 

The pH of the specimens was measured with a Beckman pH meter. 

Fic. 3. The behavior of hexokinase of the erythrocyte during storage of blood in 
ACD medium at 4°C. 

O Blood preserved in the ACD medium, without inosine. © Preserved in the ACD 
medium; inosine (800 mg. %) was added at the beginning of storage. O Preserved in 
the ACD medium; inosine (800 mg. %) was added at the 20th day of storage. 

The preserved erythrocytes were washed with isotonic KCl and hemolyzed by freezing 
in acetone — dry ice and then thawing the specimen at 37° C.; these treatments were 
repeated three times. A quantity (0.5 ml.) of the hemolyzate was incubated for 60 
minutes, at 37° C., with 0.1 ml. of 0.2 M of KzHPO, and 0.2 ml. of 0.2 M glycylglycine 
buffer (pH 8), 0.1 ml. of 0.075 M MgCl, 0.1 ml. of 0.033 M glucose, 0.1 ml. of 0.075 M 
ATP, and sufficient isotonic KCI to make the final volume 1.5 ml. 


In view of the finding that the stability of the hexokinase of the red cell is 
influenced by the hydrogen ion concentration, it was of interest to study the 
activity of hexokinase in blood specimens during storage. Accordingly, 
several samples of blood were preserved in the ACD medium. Hemolyzates 
were prepared from the specimens from time to time during the storage period, 
and were assayed for hexokinase activity. As indicated in Fig. 3, a progressive 
decrease in the hexokinase activity of the hemolyzates was observed in all the 
specimens. The addition of inosine to the blood during storage apparently 
did not decrease the magnitude of the drop in activity of the hexokinase in the 


hemolyzate preparations. Similar results were obtained with blood preserved 
in the CD medium. 
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Fic. 4. The utilization of glucose by erythrocytes preserved with or without the 
addition of adenosine. 

© Blood preserved in the ACD medium, without adenosine. @ Blood preserved in 
the ACD medium; adenosine (400 mg. %) was added on the 25th day of storage. 

Washed erythrocytes (0.5 ml.) from the preserved blood specimens were incubated 
for 120 minutes, at 37° C., as described under Fig. 3, except that ADP (0.1 ml. of 0.075 
M) was added instead of ATP. 


The glucose-utilizing capacity of the preserved, intact red cells also was 
studied. As indicated in Fig. 4, the rate of glucose utilization was progressively 
diminished during storage of the blood at 4° C., and became almost negligible 
by the 60th day. The addition of sterile adenosine to one of the preserved 
blood samples* on the 25th day of storage, however, resulted in an improve- 
ment. This improvement cannot be attributed to a direct protective or 
stabilizing effect of the nucleoside on the hexokinase itself since the hexokinase 
activity of the hemolyzates prepared from these cells diminished during 
storage regardless of the presence of added inosine (Fig. 3). 

It is ngteworthy that the glucose-utilizing capacity of the hemolyzates was 
greater than that of the red cell specimens from which the hemolyzates were 
prepared. Thus the glucose utilization by the hemolyzate, prepared on the 
55th day of storage, was about one-third the value obtained at the beginning of 
storage, while that of the intact cells (55-day-old) was almost nil. 

‘The addition of adenosine to preserved blood samples tends to suppress the utilization 


of glucose by the red cells (14). However, in the periodic assays of the hexokinase activity, 
the nucleoside was removed during the washing of the cells with saline. 
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Fic. 5. The behavior of DPG in blood during storage at 4° C. 
© Preserved with the CD medium. O Preserved with the ACD medium. 


Fic. 6. The influence of the hydrogen ion concentration on the glycerate-2,3-diphos- 
phatase activity of the human erythrocyte. 

Packed red cells (2.0 ml.) were incubated for 4 hours, at 37° C., with 2.0 ml. of 0.1 M 
phosphate and glycylglycine buffers (see Fig. 2), 0.2 ml. of 0.2 M MgCl, and 0.2 ml. of 
0.5 M iodoacetate. Total acid-soluble and the nonhydrolyzable phosphates were 
determined in all samples. 

The horizontal bars in the graph represent the magnitude of the increase in the pH 
during the incubation treatment. 
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Glycerate-2 ,3-diphosphatase 

The curves in Fig. 5 indicate the known behavior of 2,3-diphosphoglycerate 
(DPG) in blood during storage in the CD and ACD media at 4°C. An 
examination of Figs. 1 and 5 shows that the DPG in the ACD-preserved 
specimen underwent hydrolysis from the beginning of storage (initial pH 
7.05) while that in the CD-preserved specimen (initial pH 7.5) suffered little 
change until about the 13th day when the pH of the blood approached 7.1. 
The time when pyruvate began to accumulate, in both cases, coincided with 
the time of onset of hydrolysis of DPG. These observations suggest that a 
critical hydrogen ion concentration probably is the factor which initiates the 
rapid enzymatic hydrolysis of DPG in preserved blood. 

To test the validity of this inference, samples of blood were incubated in 
media of various hydrogen ion concentrations, and the glycerate-2,3-diphos- 
phatase activity was measured by the decrease in the concentration of DPG 
after incubation at 37° C. for 4 hours. The results are indicated in Fig. 6. 
Since the pH of the individual samples was found to vary somewhat during the 
incubation period despite the presence of added buffer the curve is drawn 
through points representing the mean of the pH values before and after 
the incubation. 

The curve indicates two pH optima, at 7.0 and 8.1 respectively, for the 
diphosphatase. The latter peak appears to have escaped detection by other 
workers. It is especially noteworthy that a broad minimum extends from 
about pH 7.2 to 7.8. The curve is consistently reproducible with whole blood 
or with hemolyzates. 


Discussion 


The findings set forth in the foregoing section provide an explanation of 
some of the metabolic changes that occur in erythrocytes during the storage of 
blood in the cold. It is now clear that the observed retardation of the 
glycolytic activity, the rate of hydrolysis of DPG, and the tendency of 
pyruvate to accumulate are conditioned by the hydrogen ion concentration of 
the specimen. Any decrease in the hydrogen ion concentration below the 
normal (pH 7.4) tends to diminish the activity of hexokinase and increase the 
activity of the glycerate-2,3-diphosphatase. The latter enzyme approaches 
its maximum activity, and the former, its minimum activity, when the pH of 
the blood approaches 7.0. 

The reason for the observed difference in behavior between blood preserved 
with ACD and that with CD thus becomes apparent. In the acidified medium 
(ACD) the pH of the blood specimen is 7.1 at the beginning of storage. The 
hexokinase activity, and consequently the utilization of glucose, therefore, are 
depressed while the hydrolysis of DPG and accumulation of pyruvic acid 
proceed at a maximum rate. In the CD medium, on the other hand, the 
initial pH is 7.4, thus favoring the utilization of glucose and inhibition of the 
diphosphatase activity. The activity of the latter enzyme remains depressed 
until about the end of the second week of storage (at 4° C.), by which time 
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sufficient lactic acid has accumulated to lower the pH of the sample to 7.0. 
The sharp increase in the activity of the diphosphatase at that time is 
responsible for the abrupt fall in the concentration of DPG and the concurrent 
accumulation of pyruvate and inorganic phosphate. 

As glycolysis proceeds in blood specimens preserved in either medium, the 
pH continues to fall. At the end of 4 weeks of storage the pH of the ACD 
specimens usually has fallen to about 6.9. With the progressive increase in 
the hydrogen ion concentration a progressive and apparently irreversible 
inactivation of hexokinase occurs. This impairment occurs despite the 
presence of ample amounts of substrates (glucose and ATP). 

The addition of nucleoside to preserved blood tends to maintain the glyco- 
lytic capacity of the red cells even though the nucleoside itself retards the 
utilization of glucose by the cell during storage in the cold (14). The capacity 
of the ACD-preserved cells to utilize glucose approaches zero at about the 
60th day of storage, while in specimens preserved in ACD with added 
adenosine, the washed cells, even on the 60th day of storage, still retained a 
considerable ability to utilize glucose. The superior glycolytic capacity of 
these red cells appears to be attributable to the superior maintenance of ATP 
by virtue of the presence of the nucleoside (13). Notwithstanding the 
presence of ATP a gradual inactivation of hexokinase occurs as is revealed by 
the diminished glucose utilizing capacity of the hemolyzates. 

The spectacular drop in the DPG content of the erythrocytes after the 
second week of storage in the CD medium is explainable by the sharp increase 
in the DPGase activity which reaches its maximum at pH 7.0. It is of interest 
that the DPGase of the red blood cells differs from that of the liver (12), 
which has its maximum activity at pH 7.0 and has relatively high activity 
also within the pH range 6 to 8. Whether the two maxima at pH 7.0 and 8.0 
for the red cell enzyme, as indicated in Fig. 6, represent the maxima of a 
single phosphatase or may be the maxima of two distinct enzymes—an ‘acid’ 
and an ‘alkaline’ phosphatase, respectively—remains to be ascertained. 
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THE FATE OF ASSIMILATED C“O, IN THE SUGAR BEET 
LEAF STUDIED BY DISPLACEMENT WITH C¥0,! 


D. P. Burma? anp D. C. MorTIMER 


Abstract 


Disks of sugar beet leaf that had assimilated CO, in light for 10 to 30 seconds 
were exposed to CO, in light or darkness, or in combinations of both for periods 
of 4 to 25 minutes. The changes in distribution of C™ among the compounds 
soluble in 80% ethanol were examined as a function of time for each ‘‘flush”’ 
treatment. In light, most of the C™ ultimately accumulates in sucrose, while 
phosphoglycerate, phosphoenolpyruvate, sugar phosphates, glycine, and serine 
have more transitory roles. In dark, sucrose is formed much more slowly 
than in light while alanine becomes the main repository of C¥. In light follow- 
ing darkness, the accumulation of C* in alz anine is reversed in favor of its accu- 
mulation in sucrose, with the sugar phosphates acting as intermediates. In 
dark following light, the converse does not occur; sugar phosphates and alanine 
lose, rather than gain, C™, and sucrose shows little tendency to be metabolized. 
It is suggested that one of the factors directing the course of these interconver- 


sions is the level of light-produced phosphate bond energy needed for sucrose 
synthesis. 


Introduction 


Kinetic studies of the carbon dioxide assimilation mechanism in plants 
often involve experiments in which the duration of photosynthesis in radio- 
active carbon dioxide is the controlled variable (1, 2, 3,4). The changes 
in the distribution of C'™ among the several compounds made radioactive 
form the basis for detailed studies of the pathways of assimilation. In pre- 
liminary work we attempted similar experiments with sugar beet leaves, 
but found that the rates of assimilation and biosynthesis within the leaf were 
so rapid that it became difficult to achieve the extremely short photosynthetic 
periods necessary for satisfactory kinetic analysis. We therefore utilized a 
“flush” technique similar to that of Racusen and Aronoff (5) to investigate 
the fate of assimilated carbon dioxide in the leaf. 

The flush experiment differs from the more usual type (1,2) in that it is 
the rate of displacement of C' from the compound during photosynthesis 
which is measured. This is accomplished by introducing C™O, into the 
photosynthesis chamber for a relatively short period at the beginning of 
the experiment, then continuing photosynthesis in normal air. The analysis 
of samples removed at intervals during the latter or flush period is designed 
to show relative changes in the total radioactivity incorporated into individual 
compounds. The changes are representative of the over-all balance between 
the rates of formation and utilization of substances in the leaf. For example, 
compounds which are initial acceptors of carbon dioxide should lose C™ 
rapidly during the flush treatment if they function as intermediates in the 
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assimulation sequence. On the other hand, compounds which serve primarily 
as storage reservoirs or are terminal products should retain or accumulate C™. 

This communication describes a series of flush experiments with sugar 
beet leaves in which both time and illumination were varied. The results 
are discussed with particular reference to the roles of glycine, serine, alanine, 
malic acid, and sucrose in the photosynthetic assimilation of carbon dioxide. 


Experimental 
Plant Material 


Leaves used in these experiments were taken from sugar beet plants (var. 
Klein Wanzleben) grown in sand subirrigated with Hoagland’s nutrient 
solution. Day and night temperatures in the greenhouse were kept as close 
as possible to 70°F. and 60°F., respectively. Supplemental tungsten 
filament illumination was provided as needed to maintain a 16 hour day. 
All experiments were initiated in the morning, and leaves were used within 
10 minutes of excision. 


Disks cut from a single leaf were used for each run to reduce the variability 
characteristic of leaf materials. A mature leaf from a plant 4 to 6 months 
old was large enough to provide five or six disks of 45 mm. diameter and 
0.36 g. fresh weight. The uptake of C™“O, by each disk of a series varied 
by less than 10%. 


Photosynthesis Procedures 


The leaf disks were mounted on a stainless steel screen in the photosyn- 
thesis chamber and the lid was sealed with petroleum jelly. Details of the 
chamber and its use were described earlier (6). In brief, the disks were 
preilluminated for 3 minutes at 2000 ft-c. Then C“O, mixed with air was 
admitted to the chamber. The disks continued photosynthesis in this 
atmosphere for a period of 10, 20, or 30 seconds, after which the chamber 
was opened and one disk was dropped into boiling 80% ethanol. The appara- 
tus was set up in a fume hood with a strong draft, so that, as soon as the 
chamber was opened, the C™“QO,-containing atmosphere was replaced by 
ordinary air. The remaining disks were held in continuing light or in dark- 
ness as desired, and individual disks were removed at intervals. 

Illumination was provided by a bank of four reflector floodlamps focussed 
through a heat filter of 2 inches of water. The intensity was regulated by 
varying the supply voltage, and the duration of the light period in each 
experiment was automatically controlled. 


Extraction 


The leaf disks were macerated in 50 ml. of hot 80% ethanol in the Waring 
blendor. The suspensions were boiled for 15 minutes and filtered, and the 
residues were washed with hot 80% ethanol. The residues still contained 
15 to 20% of the total C™ incorporated, but less than 1% was in ethanol- 
soluble compounds adsorbed or otherwise bound to the residue. 
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The volume of the combined filtrate and washings was reduced to 50 ml. 
in an air jet. Chlorophyll and other undesirable matter was then removed 
by shaking the filtrate with 75 ml. of chloroform. The upper phase (10-15 
ml.), which contained 95% or more of the ethanol-soluble radioactivity, 
was evaporated to dryness in the air jet. The residue was dissolved in 0.2- 
0.4 ml. of water, and 5- to 10-yl. portions of this were taken for chromatogram 
samples. Volumes were adjusted to equalize at approximately 3000 c.p.m. 
the total radioactivity on each chromatogram. 


Chromatography 

Chromatograms were developed in a two-directional, ascending system 
on sheets of Whatman 3MM filter paper, 17.5 by 17.5 cm. The first solvent 
was n-butyl acetate:acetic acid: water (3:3:1) and the second was pyridine: 
ammonium hydroxide: isopropanol (4:2:1). All of the chromatograms from 
an experiment (usually 12 sheets) were developed simultaneously in a glass 
tank, 21 by 21 by 30 cm., and the complete development (both directions) 
took 8 hours. The air-dried chromatograms (residual pyridine did not affect 
the film) were placed in contact with Kodak No-Screen X-ray film for 1 week. 


Identification of Radioactive Compounds 

Radioactive compounds were located on the chromatogram by reference 
to the corresponding autoradiogram. Isolated spots were identified by 
the usual technique of elution and co-chromatography with authentic 
samples of suspected substances. Sucrose, malic acid, glyceric acid, glycolic 
acid, glycine, alanine, serine, threonine, aspartic acid, and glutamic acid 
were identified in this manner. The sugar phosphates were held near the 
origin on these chromatograms (Fig. 1), and were, therefore, incompletely 
resolved. Phosphoglyceric acid (PGA) and phosphoenolpyruvic acid (PEP) 
were identified as their dephosphorylated acids. The mono- and di-phos- 
phates of the sugars could be resolved into a number of separated areas on 
chromatograms employing different solvents and conditions. The major 
component of the monophosphate area was glucose-6-phosphate (G-6-P), 
identified by co-chromatography, and one of the substances in the diphosphate 
area was uridine diphosphate glucose (UDPG), identified through its property 
of forming glucose-1,2-cyclic phosphate (G-1,2-P), in ammoniacal solution 
(7, 8), as follows: The radioactive streak which formed on chromatograms 
when the developing solvent contained ammonium hydroxide yielded radio- 
active glucose when treated with phosphatase and a mixture of two glucose 
phosphates after dilute acid or alkali treatment. Since one of these was 
identical With G-1-P, it was inferred that the other was G-2-P, and that both 
were derived from G-1,2-P present in the streak. The diphosphates were 
eluted from a one-directional chromatogram (acidic solvent), and purified 
by chromatography with 77% ethanol (9). The slowest moving radioactive 
component had an ultraviolet absorption spectrum appropriate to UDPG, 
gave radioactive glucose with acid or phosphatase hydrolysis, and produced 
radioactive G-1,2-P when treated with ammonium hydroxide. 
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Radioactivity Measurements 

Radioactive areas on the chromatograms, located by reference to the 
autoradiogram, were cut out, mounted on aluminum planchets, and counted 
in an automatic sample changer-scaler assembly employing a thin mica 
window Geiger—Miiller tube. The sum of the recorded radioactivities of 
the individual compounds, including unknowns, was taken as the base for 
calculating the distribution of radioactivity among the several compounds 
as a percentage of the total. The percent-of-total figures for individual 
compounds calculated from the data of duplicate chromatograms agreed 
within 5%. It was unnecessary to make a correction for self absorption by 
the paper, since all results were calculated in the same manner. 


Results 


The uptake of carbon dioxide by leaf disks in these experiments was 
directly proportional to time up to about 45 seconds. It was determined 
in separate trials that the decrease in rate of uptake which occurred after 
this time was caused by depletion of the carbon dioxide within the chamber. 

The autoradiograms shown in Fig. 1 are typical of those obtained by the 
procedures outlined above. Fig. 1a (left) shows the radioactive products 
soluble in ethanol after 10 seconds of photosynthesis. While most of the 
C was in the phosphate esters, significant amounts were recovered in sucrose, 
serine, glycine, glyceric acid, and malic acid. After the CO, in the atmos- 
phere was replaced by C"Q:, there was considerable redistribution of the C™ 


14 
8 


@ 
» he 


(a) (b) 


Fic. 1. Autoradiograms of the ethanol-soluble products formed by sugar beet leaf 
disks in: 
(a) 10-sec: photosynthesis in C“O,-enriched air; 
(b) (a) plus an additional 110-sec. photosynthesis in tracer-free air. 
(1) Sugar diphosphates. (2) Sugar monophosphates. (3) PGA. (4) PEP. (5) 
Malic acid. (6) Serine. (7) Glycine. (8) Glyceric acid. (9) Sucrose. (10) G-1,2-P. 
(11) Aspartic acid. (12) Glutamic acid. (13) Alanine. (14) Phenylalanine (?). 


8 & 





BURMA AND MORTIMER: C¥O; IN SUGAR BEET LEAF 839 


among several compounds in the leaf during the next 110 seconds of photo- 
synthesis (Fig. 1b). Sucrose and malic acid contained most of the C™, but 
lesser amounts were still found in some of the phosphate esters, aspartic acid, 
glycine, and serine. The quantitative analysis of these and other chromato- 
grams provided data for the curves shown in Figs. 2 and 3. Since the total 


CO, IN LIGHT 


c 0, IN LIGHT 





— ——c*o, 0 Le01T—_________» we —c'?o, IN DARKNESS = 
50fF 
« 80} ~ 40 
~ ° 
: 4 
@ 
= 
360 > 30} 
$ 3 
” a 
3 3 
z 
340 3 20} 
= x 
= H 
- w ooo 
S “Soe 
a 20F a 10 









































20 50 100 150 200 25 
SEC SEC 
4 4 
c O, IN LIGHT c o, IN LIGHT 
c"*0, IN DARKNESS / 070, IN LIGHT 
ee c?0, IN LIGHT—= = a. IN DARKNESS ————___.» 
| | 

4 
= 40 = 60r 
m <i 
s z 
= 30 330 
B g 
e ' 
a ol 
z 2 
= 20 $20 
4 = 

w 
S * 
#10 a 10 

MIN MIN. 


Fics. 2 and 3. Curves showing the fate of photosynthetically assimilated _C#O, 
in sugar beet leaf disks during subsequent flush periods in the light (2a); flush periods in 
the dark (26); flush periods in the dark and light (3a); flush periods in the light and dark 
(30). 
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radioactivity in the ethanol-soluble fraction from each of the disks was 
relatively uniform (+ 10%), analyses of the individual disks from a particular 
experiment could be compared on a ‘‘percent of total’’ basis. The treatments 
under consideration were 4 minutes light flush (Fig. 2a), 4 minutes dark 
flush (Fig. 2b), dark flush followed by light flush (Fig. 3a), and light flush 
followed by dark flush (Fig. 3b), preceded in each case by photosynthesis 
in C4Q,-enriched air for 10, 20, or 30 seconds. 

When the flush treatment was carried out in the light (Fig. 2a), there was 
a rapid loss of C™ from the phosphate esters. In the initial stages, this 
C™ was moved into glycine and serine at about the same rate as into sucrose, 
but after 1 minute only sucrose, and to a lesser extent, aspartic acid, accumu- 
lated C4. The C" content of malic acid remained roughly constant through- 
out. When the light was extinguished during the flush period, a different 
metabolic pattern was immediately apparent (Fig. 2b). The decrease in the 
radioactivity of the phosphate esters was initially slow, but became more 
rapid after about 60 seconds. A similar lag was reported by Calvin and 
Massini (10). In the dark, C was transferred primarily to alanine, and 
only a very small proportion entered sucrose. The accumulation of alanine 
in the dark was also reported by Racusen and Aronoff (5). In some experi- 
ments, the proportion of C™ transferred into aspartic and glutamic acids was 
higher, but the pattern shown was more generally observed. Glycine and 
serine always lost C™ in the dark, and malic acid fluctuated, but did not show 
a consistent increase or decrease in radioactivity. 

If the light was turned on again after the dark flush (Fig. 3a), sucrose 
began to accumulate C™ at a greatly accelerated rate. Radioactivity in 
the hexose phosphate fraction also increased sharply during the first few 
seconds of illumination, then decreased throughout the remainder of the 
period. All of the remaining components of the ethanol-soluble fraction 
with the possible exception of malic acid became depleted of radioactivity 
during the light phase of the flush treatment. The radioactivity in the 
hexose phosphate fraction of this experiment did not decrease during the 
dark period as it did during a similar dark period in the previous experiment 
(Fig. 2b). This apparent difference did not, however, affect the over-all 
accumulation pattern, since in both cases, radioactivity was channeled into 
alanine in the dark rather than into sucrose. 

When the flush combination was reversed (Fig. 3b), that is, a period of 
light followed by darkness, the trends established in the light were not changed 
during darkness, except for a small increase in the proportion of C" in glu- 
tamic acid. The proportion of the total assimilated C“ in the PGA fraction 
of this experiment was too low to be included in Fig. 2b, but that level was 
further reduced during the flush periods. 

Although the leaves for experiments shown in Fig. 26 and Fig. 3a each 
received 20 second exposures to C“O., a number of quantitative differences 
are apparent. For example, the proportions of C'™ in malic acid were 3% 
and 19%, and in the hexose phosphates, 42% and 10%, respectively. Re- 
peated trials of this type of experiment demonstrated that, particularly with 
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the very short exposures to C“O., such differences often occurred. The 
level of C™ in a compound did not, however, influence the pattern for its 
metabolism during the subsequent flush treatments. The preliminary 
experiments also showed that differences in the proportions of C™ in the 
compounds caused by varying the duration of exposure to C™O, did not 
change the course of the flush experiment. 

The relative amounts of C™ incorporated into G-1,2-P, glyceric acid, 
glycolic acid, succinic acid, and phenylalanine (or leucine) were too low to 
warrant inclusion on Figs. 2 and 3. Radioactivity in glyceric and glycolic 
acids reached a maximum after about three minutes in the light, then de- 
creased, while that in G-1,2-P remained low and constant until the rate of 
accumulation of radioactive sucrose decreased, when it decreased and disap- 
peared. The other compounds occurred only as traces. 


Discussion 


The sugar beet leaf presumably incorporates carbon dioxide into a cyclic 
reduction scheme similar to that described by Bassham et al. (2). To main- 
tain a steady state in such a cycle, an amount of carbon equivalent to that 
entering as carbon dioxide must leave the cycle as some other compound. 
The present data show that during photosynthesis, sucrose is the recipient 
for most of the carbon incorporated into the ethanol-soluble fraction. The 
rapid rise and fall of radioactivity in glycine and serine suggests that these 
amino acids also function as intermediate receivers of carbon from the reduc- 
tion cycle, rather than as terminal products. The observation that malic 
acid contains a significant proportion of the total C™ assimilated during the 
shortest of exposures to C“O. suggests that a carboxylation step is involved 
in the formation of malic acid. If the three carbon intermediate assumed 
to combine with carbon dioxide (2) originates with compounds of the photo- 
synthetic reduction cycle, the total radioactivity in malic acid should increase 
during the initial minutes of the flush period, then level off or decrease, 
depending on whether malic acid is a terminal product or an intermediate. 
The radioactivity in malic acid did not, however, follow either course, but 
varied without apparent relation to changes in the C™“ content of compounds 
of the photosynthetic reduction cycle. It seems likely, therefore, that the 
reactions resulting in the formation of malic acid in the light are not directly 
dependent on the main carbon dioxide assimilation pathway. Because 
aspartic acid accumulated radioactivity slowly and only after a relatively 
long lag period, it was not possible to determine in these experiments whether 
it was asséciated with malic acid in the metabolism of photosynthetically 
assimilated carbon. 

When the flush treatment is carried out in the absence of illumination, 
the pattern for redistribution of the assimilated carbon is markedly altered 
in that alanine replaces sucrose as the major recipient for carbon. The 
appearance of alanine is probably related to the changes in metabolism made 
necessary by the absence of light-generated energy which would normally be 
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utilized to reduce PGA to the triose level (2). As shown in Fig. 2), the 
radioactivity in PGA does decrease, and since alanine is the only compound 
of closely allied structure which shows a concurrent and equivalent increase 
in radioactivity, it is not unreasonable to assume that PGA is converted to 
alanine with pyruvic acid as the intermediate (11). From the above argu- 
ment, the observation that no radioactive alanine was formed in the dark 
in the leaf depleted of radioactive PGA (Fig. 3b) would be predicted. The 
radioactivity in the hexose phosphate fraction decreases in the dark, but 
there is no corresponding increase in the radioactivity of the free hexose 
and sucrose fractions. The absence of light thus appears to limit the supply 
of one of the compounds responsible for the conversion of the hexose phos- 
phates to sucrose. This compound could be adenosine triphosphate, if as 
suggested earlier (12), its concentration was at least partly controlled by 
energy derived from light. 

If light has an influence on the mechanism for sucrose synthesis, illumina- 
tion provided after the dark period should stimulate the production of sucrose. 
The curves shown in Fig. 3a illustrate clearly that there is a positive correlation 
between the resumption of illumination and the formation of sucrose, which 
correlation is emphasized by the abruptness of the increase and the absence 
of a lag period. In this experiment, the radioactivity transferred to sucrose 
during the second light period could have come only from compounds which 
had been involved in the dark metabolism of the photosynthetically assimi- 
lated C“. The mechanisms by which these compounds are converted to 
sucrose probably involve the hexose phosphates, since there is a brief upsurge 
in the radioactivity of this fraction immediately after the light is turned on. 
The demand for carbon in the sucrose pathway should reduce to a considerable 
extent that available for metabolism by way of the competitive alanine 
pathway. Conversely, anything which reduces the operational capacity of 
the sucrose channel, such as a reduction of light intensity, would result in 
an increase in the activity of the alanine channel. This interpretation is 
different from Calvin’s suggestion (13) that termination of illumination 
removes a block between the ‘‘photosynthetic cycle” and the “respiratory 
or citric acid cycle’ permitting active operation of the latter. In these 
experiments, acids usually associated with the citric acid cycle were not 
detectably radioactive and could not, therefore, be considered as directly 
involved under the conditions studied in these leaves. It seems more probable 
that the fate of most of the photosynthetically assimilated carbon is controlled 
to a considerable extent by the level of light-generated ATP which determines 
the rate of certain reactions. 
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INFLUENCE OF DIETARY CHOLINE AND PROTEIN ON THE 
LEVEL OF PHOSPHOLIPID IN THE SERUM OF THE RAT! 


BRUNO ROSENFELD AND JESSIE M. LANG 


Abstract 


Albino rats weighing 180-200 g. were fed diets containing 5, 9, and 19% 
protein. The influence of these diets, both with and without additional choline, 
on the level of serum phospholipid was measured and it was found that only in 
the presence of dietary choline, an increase of the protein content of the diet 
caused an elevation of the level of phospholipid in the serum. Measurement of 
the effect of the interval after feeding showed a significant decrease of serum 
phospholipid 16 hours after the removal of the choline-containing food. In 
choline deficiency no such effect was found. Measurement of the influence of 
duration of choline deficiency on the level of phospholipid in serum revealed an 
immediate fall to a lower level at the onset of the deficiency. This change was 
complete before a significant rise of the level of total liver lipids was apparent. 


Both phospholipid and cholesterol or its esters are known to occur 
predominantly as lipoproteins in the serum of men and other species including 
the rat (16, 19). Since recent research in this department has indicated an 
influence of choline deficiency on the level of B-lipoproteins and to some extent 
also on @-lipoproteins (25), a study of the influence of both dietary choline 
and protein on the level of phospholipid in serum was indicated. It was 
hoped that the findings might throw some light on the mechanism by which 
choline prevents fatty infiltration of the liver. 

There is little information about the influence of choline deficiency on serum 
or plasma phospholipid. Fischer and Garrity (12) observed a fluctuation of 
the phospholipid levels in the serum of young female rats during a 15-day 
period of choline deficiency. Brief reference has been made to the demonstra- 
tion (22) of a lower level of serum phospholipid in choline-deficient animals. 
The interval after feeding has an influence on the level of cholesterol in serum 
of rats given lipotropic agents (22). A similar effect on the level of serum 
phospholipid might be anticipated since cholesterol and phospholipid occur 
together in serum lipoprotein. Precise knowledge of this situation was of 
importance in the choice of experimental conditions that would provide 
reproducible control levels of serum phospholipid. 

We are reporting the effects of the level of dietary protein, of the duration 
of choline deficiency, and of the state of intestinal absorption on the level of 
phospholipid in the serum of rats. 


Methods 
Animals 
Adult female rats (Wistar strain from our own colony) weighing 190-200 g. 
and male rats (Wistar, Carworth Farm strain) weighing 180-200 g. were used. 
The rats were housed in individual cages and, unless stated otherwise, food 
and water were offered ad libitum up to the time at which they were killed. 
1Manuscript received June 5, 1957. 


Contribution from the Banting and Best Department of Medical Research, University of 
Toronto, Toronto, Ontario. 


Can. J. Biochem. Physiol. 35 (1957) 














846 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 35, 1957 


Diets 


The following diets were offered to both test and control animals. Diet I 
(low fat) had the following percentage composition: casein, vitamin free 
(General Biochemicals) 6.0; Alpha protein (soya protein, Soya Products 
Division, Glidden Co., Chicago, Ill.) 5.0; gelatin 5.0; cystine 0.1; vitamin 
mixture 1.0 (4); salt mixture 3.0 (7); celluflour 2.0; sucrose 73.9; beef fat 
2.0; cod liver oil concentrate (Ayerst, McKenna and Harrison Ltd., Montreal, 
Que.) containing 200,000 i. u. of vitamin A and 50,000 i. u. of vitamin D per 
g., 0.015; a@-tocopheryl acetate 0.010; corn oil 2.0 to dissolve the fat-soluble 
vitamins and choline chloride 0.35. The diet deficient in choline had this 
nutritional factor replaced by an equal amount of sucrose. When the rats of 
Groups 5 and 6 (Table IV) were given drinking water containing choline, it 
was dispensed in special drinking fountains designed by Mr. R. J. Gillespie in 
our Department.? These permit accurate measurement of the quantities of 
liquid consumed. 

Diets II, III, and IV were essentially the same as Diet I with the following 
modifications: they contained 9.0% Primex, a hydrogenated vegetable oil, 
instead of beef fat; the fat soluble vitamins were given in 1.0% corn oil; the 
vitamin mixture was enriched with By: (5) and the choline content was raised 
to 0.4%. The different protein levels in Diets II, III, and IV were attained 
by changing proportionately both the peanut meal and the soya protein, 
leaving the casein level constant at 5.0% according to the scheme shown in 
Table I. 

TABLE I 


PERCENTAGE COMPOSITION OF THE DIFFERENT PROTEIN LEVELS IN Diets II, III, ann IV 














Protein Peanut Soya Cystine 
Diet total Casein meal protein* (L) Celluflour 
II 5 5.0 0.0 0.0 0.0 5.0 
III 9 5.0 4.0 2.0 0.1 3.0 
IV 19 5.0 14.0 7.0 0.1 0.0 





*Drackett, Assay Protein (C1), The Drackett Co., Cincinatti (23), Ohio. 


Procedure 


All animals, including the controls, were allowed an adjustment period of 
1 week after being started on the choline-supplemented diet. After the 
specified periods of dietary treatment the rats were anaesthetized with amytal 
(9 mg. per 100 g. body weight in 1 ml. of water, given intraperitoneally) and 
exsanguinated from the carotid artery. The blood was allowed to clot at 
room temperature and placed in the refrigerator for 2 hours. After centri- 
fugation the serum was separated and the phospholipid estimated according 
to Bloor’s (8) procedure in 1 ml. samples from each individual rat. The livers 
were excised as quickly as possible and analyzed for both total lipids and 
phospholipids (6). 


2We are very grateful to Mr. R. Gillespie in our department for placing his specially designed 
drinking fountains at our disposal. 
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Results 


1. Influence of the Level of Dietary Protein and Choline on Serum Phospholipid 
The influence of protein on the level of serum phospholipid is shown in 
Table II. 
TABLE II 


INFLUENCE OF CHOLINE DEFICIENCY ON SERUM PHOSPHOLIPID AT 
DIFFERENT LEVELS OF DIETARY PROTEIN 


Male rats (180-200 g.) were given synthetic diets (Diets II, III, and IV) ey 
constant amounts of casein and different levels of protein as outlined in ‘Methods’, Table I. 
Excluding the standard adjustment period, the diets were offered for 11 days; after this period 
the animals were killed by bleeding. The figures in parentheses refer to the number of rats in 
each group. 











Level of dietary protein 





Diet II, Diet III, Diet IV, 
5% 9% 19% 
——— — —— Significance of diffe srences 
Mg. phospholipid per 100 ml. caused by various 
serum (+ standard error) _levels of protein 


Choline supplemented 160+7.3 163+8.5 199+7.8 5 vs. 9: not significant 
(12) (6) (12) 9 vs. 19: P=0.015 
5 vs. 19: P=0.001 


Choline deficient 142+4.1 124+7.2 139+3.5 Svs. 9: P=0.02 
(it) (6) (12) 9 vs. 19: P=0.02 
5 vs. 19: not significant 


Significance of differences 
due to choline- P=0.05 P=0.008 P=0.001 
deficiency 





When the diet contained choline, increasing the protein contents (from 5 
or 9% to 19%) caused a significant elevation of the concentration of phos- 
pholipid in the serum. In contrast no influence of the level of dietary 
protein on that of the serum phospholipid was observed in the corresponding 
groups fed the choline-deficient diets. The lower level of serum phospholipid 
observed in the choline-deficient rats fed the diet containing 9% protein is 
probably related to the higher liver fat in these rats as shown in the following 
Table III. The diet containing only 5% protein permitted but poor growth. 
Increasing the protein to 9% caused about an eightfold increase in the growth 
rate and a further increase in protein content to 19% produced almost a 
further doubling of the growth rate. In the choline-deficient groups only 
slightly fatty livers were observed at the lowest protein intake, presumably 
because the limited growth left much of the dietary methionine for lipotropic 
purposes. The considerably more fatty livers (17%) produced by the diet 
containing 9% protein are apparently accounted for by the more complete 
utilization of dietary methionine for growth. The more nearly normal liver 
lipids observed at the highest protein level can be accounted for by the excess 
of dietary methionine over that required for growth. 
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TABLE III 


INFLUENCE OF THE LEVEL OF DIETARY PROTEIN ON TOTAL LIVER 
LIPID AND RATE OF GROWTH 


See Table II for experimental details. The average results are given with their corresponding 
standard errors. ‘The figures in parentheses refer to the number of rats in each experiment. 








Level of dietary protein 








Diet II, 5% Diet III, 9% Diet IV, 19% 

Choline supplemented: 

Total liver lipid 4.4+0.1 5.5 + 0.2 5.2. & 6.2 

% wet weight (12) (6) 12 
Growth rate, g. per week 2.4 + 1.1 19.5 + 2.4 34.5 + 2.2 
Choline deficient: 

Total liver lipid 10.0 + 0.9 16.6 + 2.7 8.4 + 0.5 

% wet weight (12) (6) (12) 
Growth rate, g. per week 2.7 + 1.1 26.0 + 2.3 32.2 & 3.1 





2. Influence of Duration of Choline Deficiency on the Level of Phospholipid in 
Serum 
The data of Fischer and Garrity (12) as well as those from our own depart- 
ment (22)* were obtained from pooled samples of rat serum. It is impossible 
to evaluate the significance of the differences of these earlier experiments since 
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Fic. 1. Influence of the duration of choline deficiency on the level of phospholipids in 
the serum of rats. 

Forty female rats weighing 180-200 g. were divided into five groups. With theexcep- 
tion of the group intended for 12 days, and that for 24 days, choline-deficiency to which 
eight and seven rats, respectively, have been assigned, all groups had six rats each, 
including the choline-supplemented controls. Diet I was offered to the rats as outlined in 
‘Methods’. The filled circles (@ @) refer to the choline-supplemented, the open circles 
(O O) to the choline-deficient rat groups. The vertical bars indicate the standard error 
above and below the mean value given in each experimental point. The period during 
which the rats were kept on their respective diets is given on the abscissae. The right- 
hand scale refers to the dashed curve, showing the deposition of lipids in the liver in the 
absence of choline (O ©). The corresponding data of the choline-supplemented group 
are likewise given (™ @). 


*Dr. J. M. Patterson, personal communication. 
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the variation of the individual values is unknown. Fig. 1 shows the effect of 
the duration of choline deficiency on the decrease of serum phospholipid and 
the concomitant increase of the total liver lipids of the same rats. 


A highly significant decrease (P <0.001) in the serum phospholipids was 
observed in the rats within 3 days of starting the choline-deficient diet. In 
contrast to the findings of Fischer and Garrity (12), no further increases or 
decreases of phospholipid occurred at later stages of choline deficiency. 


3. Effect of Interval after Feeding on Serum Phospholipids 


The postprandial changes in serum phospholipids of rats fed synthetic 
diets with and without choline are shown in Table IV. 


TABLE IV 
INFLUENCE OF INTERVAL AFTER FEEDING ON THE CONCENTRATION OF PHOSPHOLIPID IN THE 
SERUM OF CHOLINE-DEFICIENT AND CHOLINE-SUPPLEMENTED RATS 


Females (180-200 g.) given a low fat synthetic ration (Diet I). Groups 1 and 3 received 
the choline-deficient diet for 3 days; Groups 2 and 4 were given the choline-supplemented diet 
for the same period (apart from the adjustment period as outlined in ‘Methods’). Groups 5 
and 6 were fed the choline-deficient diet throughout the 10-day period. The drinking water of 
Groups 5 and 6 containing 3.5 mg. choline chloride per ml. was dispensed from ‘‘Gillespie 
fountains”, permitting accurate assessment of the quantities consumed. The daily intake of 
choline chloride averaged 50 mg. (range 47-56 mg.). During the last 3 days of the experiment 
Group 5 was given ordinary water. 











Diet Choline deficient Choline supplemented 
Number of rats 6 6 5 6 6 5 
Group number 1 3 5 2 + 6 
Time of sacrifice, hours 0.5 16 16* 0.5 16 16* 
after removal of food 
dishes 

Mg. phospholipid per 100 119 130 126 176 145 - 151 
ml. serum 

Standard error + 5.9 + 8.2 + 11 + 6.3 + 4.0 + 13 








Significance of 
differences P =0.3 P = 0.003 





*Choline given in drinking water. 


Comparison of Groups 1 and 2, having access to food up to the time of 
sacrifice, showed a highly significant (P <0.001) decrease of serum phospho- 
lipid in the absence of choline from the diet. During dissection of the rats it 
was observed that the stomachs of those animals whose food had been removed 
16 hours before killing were empty. A significant decrease of serum phospho- 
lipid was observed 16 hours after the removal of the choline-containing food. 
This decrease did not appear to be due to a lack of choline, since provision of 
it in the drinking water resulted in a similar, although perhaps a less significant 
decrease. In choline deficiency no alteration was observed at a 16-hour 
interval after the food dishes were removed. 











850 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 35, 1957 


4. Liver Phospholipid: Influence of Choline Deficiency at Different Protein 
Levels 
Although earlier investigations have shown (1, 2, 23) that dietary choline 
does not affect the level of phospholipid in the liver, we wished to study the 
influence of both choline deficiency and different levels of dietary protein on 
the concentration of phospholipid in the serum and the liver of the same animal. 


TABLE V 
INFLUENCE OF THE LEVEL OF DIETARY PROTEIN OF LIVER PHOSPHOLIPIDS 
See Table II for experimental details. The results are calculated as g. phospholipid per 


100 g. lipid-free liver + standard error of the mean. The figures in parentheses refer to the 
number of rats in each experimental group. 








Significance of 
o protein in diet differences caused by 
—_—_—_—___———- various protein-levels, 


€ 





5 9 19 % versus % 
Choline supplemented 2.24 2.34 2.96 Sversus 9,P = 0.5 
+ 0.08 * @.25 +0. 9 “« 19, P = 0.007 
(12) (6) (33) 5 “« 19, P = 0.001 
Choline deficient 2:85 2.61 2.94 5versus 9, P < 0.001 
+ 0.05 + 0.09 + 0.09 5 “« 19,P = 0.04 
(12) (6) (iz) 5 “ 19, P = 0.001 
Significance of differences Not Not Not 
caused by choline significant significant significant 
deficiency (P = 0.15) 





From the results presented in Table V, it can be seen that diets low in 
protein reduce the level of liver phospholipid in both choline-supplemented 
and choline-deficient rats but only in the former is there a similar reduction of 
serum phospholipid (Table II). We have confirmed the finding that in 
choline deficiency the level of liver phospholipid is not measurably different 
from that of rats fed a choline-supplemented diet. 


Discussion 


The data presented above indicate that for the maintenance of normal 
concentrations of phospholipids in the serum two dietary factors are essential: 
an adequate supply of choline and of protein. Reduction of dietary protein, 
from an optimal level to one that permits only a low rate of growth, results in 
a significant decrease of the level of serum phospholipid in the rat. A similar 
decrease occurs on complete withdrawal of food (Table IV). This postprandial 
decrease is probably related to the withdrawal of protein rather than of 
choline, because the decrease is not prevented by offering choline in the 
drinking water. In the absence of dietary choline neither the level of protein 
in the diet nor the period of fasting influence the serum phospholipid. The 
absence of these effects when there is no choline in the diet may be explained by 
the fact that choline is now the limiting factor in the maintenance of the level 
of serum phospholipid. It is tempting to suggest that this dual requirement 
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for protein and choline is connected with the biosynthesis of lipoproteins, the 
phospholipid part of which, of course, is essential for their formation as well 
as for their stability (10). A dual requirement for choline and protein has 
been encountered in the study of lipotropic action (24, 17, 20) suggesting the 
possibility of some common factors in these phenomena. 

The relationships of serum phospholipid levels to protein intake are 
undoubtedly complex; the effects of dietary protein which have already been 
discussed are shown in Tables II and III. A number of workers (24, 14, 15) 
have observed a similar correlation between the rate of growth and maximum 
deposition of liver lipids. One must also consider the fact which has been 
noted in our laboratory that the level of serum phospholipid (130 + 3.9 
mg./100 ml. serum) of rats fed a commercially prepared diet (Master Fox 
Cubes, Toronto Elevators Ltd. Toronto) differs considerably from that 
(199 + 7.8 mg./100 ml. serum) of rats fed a synthetic diet with approximately 
the same amount of protein. A possible explanation of these latter findings 
may be obtained from our observations regarding the behavior of the two 
diets in the digestive tract. The synthetic diet left the stomach at a faster 
rate than did the chow diet. Furthermore, it took only 16 hours of fasting, 
as compared with 48 hours in the case of the commercial diet, to obtain a 
decrease of serum phospholipid. The nature of the protein influences the level 
of phospholipid in serum but the data do not permit us to conclude whether 
or not differences in the rate of intestinal absorption will account for the 
effects observed. 

Within the limits of biological variation, the level of phospholipid in the 
liver seems to be independent of dietary choline (1, 2, 23, and this paper) 
whereas the level of serum phospholipid is decreased in choline deficiency. 
This apparent absence of correlation between the levels of liver and serum 
phospholipid requires more careful consideration. The total serum phos- 
pholipid in comparison with the total liver phospholipid amounts to only 
7.4%, for the choline-supplemented, and 5.2% for the choline-deficient rat. 
Although the difference, 2.2% is highly significant (see Table II, Column 
3, which served as a basis for this discussion), it is well within the normal 
variations encountered in the concentration of phospholipid in rat livers; the 
variation in these experiments averages 2.9%. Hence, there is a possibility 
that if any alteration in the phospholipid level of the liver caused by changes 
in dietary choline does occur, it is obscured by the normal variation of the 
liver values. Changes not outside the normal range of liver phospholipids 
could account for the changes in their concentration in the serum. However, 
even if the level of hepatic phospholipids is altered but slightly or not at 
all by changes in choline intake, the rate of turnover of liver phospholipid is 
markedly affected (21, 9, 13, 3, 11). The rate of turnover of phospholipids 
in the liver may determine their level in the serum. Further study of this 
relationship is necessary. 

There is a very striking difference between the time relationship for the 
decrease in serum phospholipid on a choline-deficient diet and that for the 
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increase in hepatic lipids (Fig. 1). Lack of choline causes a prompt fall in 
serum phospholipid, whereas, as is well known (4), there is a delay before any 
significant increase occurs in the glyceride content of the liver. Both events 
are caused by lack of choline, but the change in serum phospholipid coincides 
with an early phase of slow liver lipid deposition occurring at or about the 
time that ‘stainable’ fat makes its first appearance in the liver (18). The 
major increase in liver lipids takes place only after the processes leading to 
the decrease of serum phospholipid have gone to completion. Studies of 


various possibilities are in progress to discover how these processes are linked 
with each other. 
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CHOLINE KINASE OF RAPESEED (BRASSICA CAMPESTRIS L.)! 
T. RAMASARMA? AND L. R. WETTER 


Abstract 


Choline kinase from aqueous extracts of Polish rapeseed (Brassica campestris 
L.) has been purified 25-fold by fractionation with acetone and calcium phosphate 
gel. The purified enzyme was relatively stable when stored frozen at neutral 
pH, and was active over a broad range of pH, the optimum being at about 
pH 8.6-10.0. The enzyme required Mgt* and exhibited maximum activity 
only when the Mgt*: ATP ratio was 1:1. Phosphorylcholine, ADP, and Mn** 
inhibited the activity. In addition to choline, the enzyme preparation phos- 
phorylated dimethyl- and diethyl-aminoethanol but not ethanolamine. The 
choline kinase from rapeseed is similar to that from yeast except that the 
former does not require sulphydryl groups for activation. 


Introduction 


Choline kinase,* the enzyme that phosphorylates choline to phosphoryl- 
choline in the presence of ATP,‘ was first demonstrated by Wittenberg 
and Kornberg (20) in acetone powders of animal tissues, and the properties 
of a partially purified preparation from yeast have been studied. Earlier 
work by Kornberg and Pricer (11) on the incorporation of phosphorylcholine 
into lecithin, and the discovery by Kennedy and Weiss (9) of the function of 
cytidine coenzymes in the biosynthesis of phospholipids, have clearly 
established that the primary step in the incorporation of choline into lecithin 
is the formation of phosphorylcholine. Several plant tissues contain 
phospholipides in large quantities (19) and it is usually assumed that the same 
enzyme systems operate in plants. Rapeseed, besides having a high oil 
content, contains lecithin and cephalin (19) and therefore enzymes related 
to the metabolism of phospholipids might be present. This paper describes 
studies on choline kinase of rapeseed identified for the first time in 
higher plants. 


Experimental 
Materials and Methods 


Choline chloride was a commercial sample (British Drug Houses Ltd.). 
ATP was a crystalline sodium salt obtained from Pabst Laboratories. The 
amino alcohols were Eastman Kodak products and were redistilled before 
use. The phosphoric esters of the amino alcohols were synthesized according 
to Plimmer and Burch (17). 


‘Manuscript received June 4, 1957. 

Contribution from the Prairie Regional Laboratory, National Research Council of Canada, 
Saskatoong Sask. 

Issued as N.R.C. No. 4467 and as Paper No. 247 on the Uses of Plant Products. Presented 
in part before the 40th Annual Conference of the Chemical Institute of Canada, Vancouver, 
British Columbia, 1957. 

2Postdoctorate Fellow, National Research Council of Canada 1956-1957. 

3It is proposed to refer to this enzyme as choline kinase in conformity with the accepted 
nomenclature (7) instead of choline phosphokinase, the name given by Wittenberg and 
Kornberg (20). 

‘The following abbreviations are used: ATP, Adenosinetriphosphate; ADP, Adenosine- 
diphosphate. 


Can. J. Biochem. Physiol. 35 (1957) 
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Choline was determined by the method of Appleton et al. (2). Phosphate 
was estimated according to King (10). The concentration of ATP was 
determined as acid-labile phosphate (1.0 N HCl, 10 minutes in boiling water) 
and checked by employing the spectrophotometric method (3). Protein 
was determined according to Lowry ef al. (15) and by the colorimetric method 


of Johnson (5). 


Estimation of Enzyme Activity 

Unless otherwise stated, the reaction mixture contained 1 uM. choline, 
4 uM. ATP, 4 uM. MgCle, 20 uM. glycine buffer (pH 9.0), and enzyme in a 
final volume of 0.5 ml. The reaction was started by adding the enzyme and 
after incubation at 25° C. for a period of time, usually 1 hour, it was stopped 
by adding 0.5 ml. each of 5% ZnSO, and 0.3 N Ba(OH):. The precipitate,® 
which consisted of BaSO,, protein, and phosphoric esters including the 
phosphorylcholine, was centrifuged and the residual choline was determined 
in 0.5 ml. aliquots of the supernatant. The enzyme activity was expressed 
as micromoles of choline phosphorylated per hour under these conditions. 
The amount of enzyme added was adjusted so that 50% conversion of the 
substrate was obtained. The reaction rate was constant if the phosphoryla- 
tion did not exceed 50% of the choline added. 


Partial Purification of Enzyme 

The seeds of Polish rapeseed (Brassica campestris L.) were ground in cold 
acetone (— 10° C.) ina Waring blendor, filtered, washed free of oil with acetone, 
and air-dried. This powder (100 g.) was homogenized with cold water 
(1 liter) for 5 minutes in a ‘‘Vir Tis’’ homogenizer at 40,000 r.p.m. and the 
extract was centrifuged (crude extract, Table 1). Subsequent operations 
were carried out at temperatures between 0° and —10°C. Cold acetone 
(20 ml. per 100 ml. of crude extract) was slowly added with stirring to the 
extract, and the precipitate was centrifuged and discarded. The supernatant 
was treated with a second portion of acetone (40 ml. per 100 ml. of crude 
extract) and the precipitate gathered by centrifugation, dissolved in water 
(acetone fraction, Table I) and the residue discarded. Calcium phosphate 
gel (8) (38 mg. per ml.) was added to the aqueous solution (20 ml. gel per 100 
ml.) and after 15 minutes the suspension was centrifuged and the residue 
discarded. More gel (50 ml. per 100 ml. of aqueous solution) was added to 
the supernatant and after 30 minutes the mixture was centrifuged and the 
supernatant discarded. The gel was extracted for 30 minutes with 50 ml. 
of 0.2 M phosphate buffer (pH 8.0) and centrifuged. The supernatant fluid 
containing the enzyme was dialyzed to remove phosphate, and the precipitate 
formed was discarded after centrifugation (calcium phosphate gel eluate, 
Table I). A second elution of the gel sediment extracted more enzyme of 
lower specific activity. Fractionation with ammonium sulphate (between 50 

5When the Ba(OH), and ZnSO, method of deproteinization was used choline recoveries 
were quantitative. The discrepancies of 10-15% observed by Wittenberg and Kornberg 


(20) in the estimation of choline in the perchloric acid filtrates are likely due to the precipitation 
of perchlorate by the KI present in the iodine reagent. 
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TABLE I 


THE PURIFICATION OF CHOLINE KINASE OF RAPESEED 








Total units* Units* per mg. N 


Crude extract 600 1.0 
Acetone fraction (0.2 — 0.6 volumes) 466 oe 
Calcium phosphate gel eluate 410 25.0 





*One unit of enzyme phosphorylates 1 uM. of choline per hour. 


and 60% saturation) did not increase the specific activity and resulted in 
poor recoveries of choline kinase. 

There was no detectable phosphatase activity in the final enzyme prepara- 
tions when tested against the following compounds: phosphorylcholine, 
phosphorylethanolamine, glucose-6-phosphate, and B-glycerophosphate. Also 
there was no detectable hexokinase activity as tested by the manometric 
technique (6). Inorganic phosphate amounting to about 3% was liberated 
in 1 hour from ATP under the experimental conditions. 


Results 
Stability of the Enzyme 
In the frozen state, the enzyme was found to be stable for several weeks 
at neutral pH; however, it lost approximately 20% and 50% of its activity at 
pH 9.0, and 80% and 100% at pH 5.6 after 1 and 2 days, respectively. 


Effect of pH 


The enzyme was active over a wide range of pH, with maximum activity 
at pH 8.6-10.0 (Fig. 1). 
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Fic. 1. Effect of pH on choline kinase activity. The experimental conditions were 
the same as those described in the text, except that phosphate buffer was employed 
from pH 5.6 to 8.0. 

Fic. 2. Effect of temperature on choline kinase activity. 











856 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 35, 1957 














T T T T T T T T 
ce 0.6F 4 
3 
— 

= / 
~ 
oS 0.5 “ 
WwW 
e 
pe . 

0.4 4 
z ¢ ° 
° 
a 
v 0.3 “7 
=x tail 
a e nea 

0.2 = 
w 
z 
e 
o 
2 otk - 
Oo . 
= 
a Ad 4 

- ! | 1 i i | i 
1°) 2 6 8 10 15 20 
++ 
uM Mg 


Fic. 3. Effect of Mg** concentration on choline kinase activity. 


Temperature Optimum 

Activity increased with increasing temperature and showed a_ broad 
optimum between 20-30° C. (Fig. 2). Heating the enzyme at neutral pH 
for 5 minutes at 60° C. resulted in a loss of 60% of the activity. A plot of the 
log of the reaction rate against the reciprocal of the absolute temperature 
(5 to 20° C.) gave a linear relationship, and from this a value of 8100 cal./mole 
was obtained for the energy of activation. 


Effect of Divalent Cations 

In the absence of Mg** there was no measurable phosphorylation. Maxi- 
mum activity was obtained at 4 uM. of Mg** per 0.5 ml. reaction mixture 
with an equimolar amount of ATP. Higher concentrations of Mg++ resulted 
in inhibition but even with a large excess about 40% of the optimum activity 
still persisted (Fig. 3). Cot*t*+ was about 40% as effective as Mg++ in the 
activation of choline kinase, while Mn++ and Ni*+ were ineffective (Table II). 


TABLE II 


THE EFFECT OF Mntt, Cott, anp Nit+ on 
CHOLINE KINASE ACTIVITY 








Relative activity, 
pa 





Additions / 
No metallic ion 0 
Mgt* (4 uM.) 100 
Mn** (4 uM.) 0 
Co** (4 uM.) 42 
Ni** (4 uM.) 0 
Mg*+ (5 uM.) 76 
Mgt* (4 uM.) + Mn** (1 pM.) 0 
Mg*t* (4 uM.) + Cot* (1 uM.) 95 
Mgt (4 uM.) + Ni** (1 uM.) 60 





In all experiments 4 uM. of ATP were present. 100% activity 
corresponds to 0.38 uM. choline phosphorylated per hour. 
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In the presence of Mgt*+, added Cot+ or Ni++ showed slight inhibition while 
the addition of Mn** resulted in almost complete loss of activity (Table II). 
The inhibition caused by Cot+* and Ni** appeared to be similar to ‘‘excess”’ 
Mgt since it could be partly reversed by adding ATP equivalent to the excess 
metal. The effect of Mn**, however, could not be reversed by adding equi- 
valent ATP. Choline kinase prepared in this laboratory from yeast and rat 
liver (20) was similarly inhibited by Mn++. The inhibition by varying con- 
centrations of Mn** in the three systems is shown in Fig. 4. 

The double reciprocal plot (14) in the presence of inhibitors frequently 
gives an insight into the mechanism of inhibition. However, such plots with 
“‘excess’” Mg** and Mn** as inhibitors, and varying concentrations of Mg++— 
ATP as substrate, are curvilinear rather than linear (Fig. 7). No conclusion 
can be reached from these data as to the nature of the inhibition caused 
by these ions. 


Influence of Choline Concentration 


Maximum rate of phosphorylation was reached at about 8 X 10-* M 
choline and, since the determination of choline is not accurate at lower con- 
centrations, it is difficult to obtain a reliable value for the Michaelis constant. 
Half maximal rate was obtained at about 6 X 10-° M which is of the same 
order as reported for the yeast enzyme (20). 
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Fic. 4. Effect of Mnt+ concentration on choline kinase activity. The time of 
incubation was adjusted so that the enzyme concentration in each preparation gave 
approximately 40%, phosphorylation. 100% activity corresponds to 0.37 uM./hour, 
0.35 uM./90 minutes, and 0.37 uM./3 hours of choline phosphorylated for enzyme 
preparations from rapeseed, yeast, and rat liver respectively. Yeast enzyme was 
prepared as described by Wittenberg and Kornberg (20). Rat liver enzyme was an 
aqueous extract of acetone powder. For yeast and rat liver enzymes, cysteine was 
added to a final concentration of 0.01 J 
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The effect of varying concentrations of ATP at different Mg*+ levels plotted 


as 1/V (V is equivalent to uM. choline phosphorylated per hour) versus 1/S (S is equiv- 


alent to uM. of ATP in 0.5 ml. of reaction mixture). 
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Influence of ATP Concentration 

The rate of phosphorylation increased with increasing ATP concentrations 
until a 1:1 ratio of Mg** and ATP was reached. Excess of either ATP or 
Mg** resulted in inhibition (see above). A family of curves was obtained 
at different levels of Mg** (1.0-9.0 uM. per 0.5 ml. reaction mixture) with 
varying concentrations of ATP (1.0-9.0 uM. per 0.5 ml. reaction mixture). 
Representative curves in Fig. 5 show that optimum activity was always 
obtained at equimolar concentrations of Mg++ and ATP, and that the rate 
of reaction increased with increasing Mgt+-ATP concentration. At low 
Mg** concentration a large excess of ATP resulted in negligible phosphoryla- 
tion. That this inhibition was due to a lowering of the reaction rate was 
indicated by the observation that the reaction proceeded to near completion 
on prolonged incubation. 


The values of 1/V versus 1/S for varying ATP concentrations at different 
levels of Mg** were plotted but none of the plots showed linearity (Fig. 6). 
However, the values at Mg++/ATP=1 fell on a straight line, indicating that 
a complex of Mgt*+ and ATP might be the true substrate for the kinase 
reaction, which is in agreement with the findings of Hers (4) and Lardy and 


Parks (13). The Michaelis constant for this complex was calculated to 
be 9 X 107 M. 


Effect of Reaction Products 

ADP inhibited the enzyme activity and it could not be effectively reversed 
by the addition of equivalent amounts of Mg** (Table III). This indicated 
that the inhibition was not due to competition of ADP for Mg**. Also, 
it differed from the inhibition caused by excess ATP, which could be reversed 
by the addition of equivalent amounts of Mg**. 


TABLE III 


ADP INHIBITION OF CHOLINE KINASE ACTIVITY 








Relative activity, 
Additions // 





/0 

None 100 
ADP (0.5 uM.) 90 
ADP (1.0 uM.) 45 

° ADP (1.5 uM.) 30 
ADP (2.0 uM.) 15 
ADP (4.0 uM.) 0 
ADP (2.0 uM.) + Mgt** (2.0 uM.) 24 
ADP (4.0 uM.) + Mg** (4.0 uM.) 12 





In all tubes 4 uM. of Mgt* and 4 uM. of ATP were present 
and the additions were made as indicated in the text. 100% 
activity corresponds to 0.28 uM. choline phosphorylated per hour. 
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TABLE IV 


EFFECT OF AMINO ETHANOLS AND THEIR PHOSPHORIC 
ESTERS ON CHOLINE KINASE ACTIVITY 








Relative activity, 
a 





Additions % 
None 100 
Ethanolamine (1 uM.) 90 
Serine (1 uM.) 93 
Dimethylaminoethanol (1 uM.) 72 
Diethylaminoethanol (1 uM.) 41 
Phosphorylethanolamine (0.6 4M.) 100 
Phosphoryldimethylaminoethanol 

(1.3 uM.) 62 
Phosphoryldiethylaminoethanol 

(1.1 uM.) 52 
Phosphorylcholine (0.25 uM.) 86 
Phosphorylcholine (0.50 uM.) 79 
Phosphorylcholine (0.75 uM.) 76 
Phosphorylcholine (1.00 uM.) 52 





In all the tubes 1.0 uM. of choline, 4 wM. of Mg**, and 4 uM. 
of ATP were present. 100% activity corresponds to 0.30 uM. 
choline phosphorylated per hour. 

Phosphorylcholine also caused considerable inhibition (Table IV). Ethanol- 
amine, phosphorylethanolamine, and serine did not affect the enzyme activity 
while dimethylaminoethanol, diethylaminoethanol, and their phosphoric 
esters showed significant inhibition at the concentrations tested (Table IV). 
This would suggest that dimethyl- and diethylamino-ethanol act as substrates 
for the enzyme and thus compete with choline while ethanolamine and serine 
do not. 

Inhibition of the phosphorylation of choline by ADP, phosphorylcholine, 
and “‘excess’’ ATP appears to be of the non-competitive type (Fig. 7), but 
the results cannot be considered as conclusive. 


Effect of Common Inhibitors and Metallic Ions 

The inhibition caused by several potent enzyme inhibitors is shown in 
Table V. Versene inhibited the enzyme reaction as expected, since it has 
the capacity to bind Mg**. In contrast with fructokinase (4) there was 
no activation either by Nat*+ or Kt. The effect of Ba++ and Ca++ could not 
be evaluated as their ATP salts precipitated at the pH tested. 
Effect of Sulphydryl Reagents 

The lack of inhibition by /-chloromercuribenzoate (0.005 MM) and 
iodoacetate (0.02 M), together with the failure of cysteine (0.02 M) and 
glutathione (0.02 M) to activate the enzyme indicated that sulphydryl 
groups were not involved in the enzyme activity. 
Substrate Specificity 

The following compounds exhibited no significant activity as phosphate 
donors in the place of ATP:ADP (2 uM.), cytidinetriphosphate (0.3 mg. 
sodium-salt), uridinetriphosphate (0.55 mg. sodium-salt), glucose-1-phosphate 
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Fic. 7. Inhibition of choline kinase activity by various compounds in the presence of 
varying concentrations of Mg*+-ATP plotted as 1/V (V is equivalent to uM. choline 
phosphorylated per hour) versus 1/S (S is equivalent to uM. of equimolar Mg*+ and 
ATP in 0.5 ml. of reaction mixture). 


TABLE V 


EFFECT OF METALLIC IONS AND COMMON INHIBITORS 
ON CHOLINE KINASE 








Relative activity, 


Additions uM. % 
NaCl 50 70 
KCl 50 92 
ZnSO, 1.0 60 
Al2(SO4)s 1.0 40 
CuSO, 0.25 59 
Pb (Ac)2 0.50 0 
HegCl. 0.20 26 

a NaCN 1.0 85 
Na-arsenate 5.0 80 
NaF 10.0 87 
NaN; 10.0 100 
Versene 1.0 50 
Versene 2.0 6 





100° activity was equivalent to 0.46 uM. choline phos- 
phorylated per hour. 
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Fic. 8. The phosphorylation of related amino alcghols by choline kinase. Each 
Warburg flask contained 10 uM. of choline or the indicated amino alcohol, 0.2 ml. of 
0.3 M NaHCO; (pH 8.0), and enzyme in a total volume of 0.9 ml. 0.1 ml. containing 
4 uM of Mgt* and 4 uM. of ATP was tipped into the flask from the side arm. Tem- 
perature 25°. Gas phase 95% nitrogen, 5% CO. The data has been corrected for 
ATPase activity. 


(2 wM.), glucose-6-phosphate (2 mwM.), fructose-6-phosphate (1 puM.), 
mannose-6-phosphate (1 uM.), fructosediphosphate (2 uM.), B-glycerophos- 
phate (2 uM.), sodium pyrophosphate (1 u~M.), and sodium tripolyphosphate 
(1 wM.). The reactions were carried out for 4 hours; under similar conditions 
nearly all of the choline was phosphorylated in the presence of ATP. 

The ability of the enzyme to phosphorylate related amino alcohols was 
tested by the manometric method described by Kalckar (6), and the results 
confirm that there was no significant activity with ethanolamine and serine, 
while dimethyl- and diethyl-aminoethanol were phosphorylated at rates 34% 
and 43%, respectively, of that of choline (Fig. 8). There was no appreciable 
difference in the liberation of CO. when choline was the sole substrate, or 
when added together with other amino alcohols. 


Discussion 


The choline kinase of rapeseed resembles the enzyme from yeast (20) in 
stability, pH optimum, substrate affinity, and Mgt+ requirement; it differs 
in that it does not require sulphydryl groups for its activity. This non- 
dependence on sulphydryl groups appears to be common for most plant 
kinases (18). The choline kinase is specific for ATP and is distinct from the 
phosphotransferase activity exhibited by some phosphatases (16). 

The observations that only equimolar concentrations of Mg++ and ATP 
give optimum activity and that the Michaelis constant can be calculated 
only for these values indicate that a complex of Mg** and ATP is the substrate 
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for kinase reactions. Most of the kinases are activated either by Mgt+ or 
Mnt* (12) and, by analogy, a similar complex of Mn++ and ATP might be 
the active substrate for Mn** activation. The choline kinase of rapeseed is 
activated by Mg** but not Mnt** which, in fact, inhibits the enzyme. Thus 
Mn** inhibition is a unique feature of this kinase reaction and its biological 
significance is not yet understood. 

Manganese inhibition of choline kinase is of particular interest as only 
the formation of phosphorylcholine from choline is inhibited by Mnt+, 
while the subsequent steps of incorporation of phosphorylcholine into lecithin 
have been shown to be activated either by Mg++ or Mnt+ (9). Therefore, 
it appears that the concentration of Mn** in tissues, in addition to the 
importance of the relative concentrations of Mg++ and ATP noted by Lardy 
and Parks (13) for kinase reactions in general, might have a marked regu- 
latory effect on the rate of utilization of choline and consequently the net 
synthesis of lecithin. 

If the lipotropic action of choline is due to the formation of phosphatides 
which thus aids in fat removal, it would be expected that high Mn** concentra- 
tions would antagonize this process. However, it has been reported (1) 
that dietary Mn** tends to prevent the deposition of fat in rat liver, which 
indicates that such an hypothesis may not be valid. 
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